Mechanochemical synthesis of magnesium-based hydrogen storage materials by Shang, Congxiao
Mechanochemical synthesis of magnesium-based hydrogen storage
materials
Shang, Congxiao
 
 
 
 
 
The copyright of this thesis rests with the author and no quotation from it or information
derived from it may be published without the prior written consent of the author
 
 
For additional information about this publication click this link.
http://qmro.qmul.ac.uk/jspui/handle/123456789/1809
 
 
 
Information about this research object was correct at the time of download; we occasionally
make corrections to records, please therefore check the published record when citing. For
more information contact scholarlycommunications@qmul.ac.uk
MECHANOCHEMICAL SYNTHESIS OF 
MAGNESIUM-BASED HYDROGEN 
STORAGE MATERIALS 
By 
Congxiao Shang 
A thesis submitted for the degree of Doctor of Philosophy 
in the Faculty of Engineering of the University of London 
Department of Materials 
Queen Mary 
University of London 
2003 
Min, 
"There are only two ways to live your fife - 
One is as though nothing is a miracle, 
the other is as though everything is a miracle. " 
- Albert Einstein (1879-1955) 
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Abstract 
ABSTRACT 
A systematic investigation of the structural stability, evolution and hydrogen- 
storage properties of Mg-based hydrides was carried out, involving mechanical milling 
and chemical alloying. The effects of milling on particle size, lattice parameter, 
microstructure, and phase composition of the powder mixtures were characterised using 
SEM, X-Ray diffraction and quantitative Rietveld analyses. Mechanical milling was 
shown to be an effective method of refining the particle size, particularly when MgH2 is 
involved. The influences of the selected chemical elements, including transition metals, 
graphite carbon and rare-earth metals, on hydrogen desorption/absorption of various 
milled mixtures were clearly identified using coupled Thermogravimetry (TG) and 
Differential Scanning Calorimetry (DSC). The as-received MgH2 shows an onset 
desorption temperature of 420°C. Mechanical milling reduces the onset temperature to 
330°C. Chemical alloying, via surface catalysis and/or solid-solutioning, further 
increases the desorption kinetics and reduces the desorption temperature down to 
250°C. The degree of such effect decreases from Ni, Al, Fe, Nb, Ti, to Cu. Further 
comparison of desorption characteristics of MgH2 mixed and mechanically alloyed with 
Ni clearly shows that the kinetic improvement and the effective reduction of the 
desorption temperature is mainly due to a catalytic effect, rather than solid-solutioning 
of Ni. Although posing little influence on desorption characteristics, graphite improves 
the absorption behaviour of MgH2. The rare earth metals, Y and Ce, do not seem to 
influence hydrogen desorption of MgH2 due to the formation of stable hydride phases, 
but CeO2 in the (MgH2+Ce) mixture provides a beneficial effect on desorption kinetics. 
Multi-component mixtures of (MgH2+15Fe+5Ce) and (MgH2+Al+Ni+Y+Ce) exhibit 
relatively fast desorption kinetics and the lowest desorption temperature at about 240°C 
and 220°C, respectively. Finally, mechanical alloying of the non-stoichiometric 
compositions of (3MgH2+Fe) and (4MgH2+Fe) effectively generated a new ternary 
hydride, Mg2FeH6, with a very high yield of about 80wt% from the (3MgH2+Fe) 
mixture, which is a promising candidate for heat-storage. The research findings laid a 
clear and valuable foundation for future development of new and cost-effective Mg- 
based hydrogen storage materials with a high capacity, a low desorption temperature 
and rapid kinetics. 
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CHAPTER 1: INTRODUCTION 
The abundant supply of energy is such a common aspect of modern living that 
we have acquired a voracious appetite for it without worrying much of its sustainability. 
As we know, the industrialized society is now almost entirely depends on non- 
renewable fossil fuels, such as coal, petroleum and natural gas, as our primary energy 
resources for transportation, materials processing, secondary energy products and some 
stationary applications. These are a particularly important part of the global energy 
system, and more than 81.56% of our energy is produced by burning these fossil fuels, 
Fig. 1.1 (Dresselhaus and Thomas 2001). 
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Fig. 1.1 Enerr flow diagram for the United States in 1999, in quads (lquad = 1015 British thermal 
units=2.9x10' kWh) (courtesy of Dresselhaus and Thomas 2001) 
Although we cannot make an accurate prediction, it is clear that, if we do not 
search for a new source of energy supply, much of our fossil energy resources will 
become scarce and eventually be exhausted. In 
addition, there are a number of disadvantages of 
using fossil resources. CO2 emission from burning 
such fuels is the main culprit for global warming. 
Vehicle-related air pollution is a significant and 
growing health hazard, directly linked to increases 
in asthma, bronchitis, emphysema and other 
diseases. In November 2002, oil spilling from the 
crippled tanker off Spain's northwest Atlantic 
20 
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coast poses one of the world's worst environmental disasters. Birds and other wildlife 
have been contaminated along the oil-washed coast (Fig. 1.2). There is now a 
considerable, social and economical drive to develop alternative/clean energy resources. 
Hydrogen is a non-polluting renewable 
fuel, which can be easily produced from various 
energy resources. It has the highest energy density 
of all combustion fuels, about 120MJ/kg as shown 
in Fig. 1.3. Its combustion essentially produces 
water vapour without releasing CO2 or CO. 
Moreover, hydrogen is the most abundant element 
on the earth, it can be produced anywhere with a 
supply of water and electricity, biomass or solar 
energy. As a fuel, hydrogen can be employed to 
power three main types of energy conversion 
devices: fuel cells for producing electrical power; 
H2 
Methane, 50MJ/kg 
Ethane, 47.5MJ/kg 
Propane, 46.4MJ/kg 
EP Gasoline, 44.4MJ/kg 
Ethanol, 26.8MJ/kg 
4ethanol. 19.9MJ/ke 
0 20 40 60 80 100 120 140 
Fig. 1.3 Heating energy content by 
weight of several common fuels (data 
source from Web 01, Alternative Fuels 
Data Centre, U. S. ) 
hydrogen steam turbines for electrical power; and internal combustion engines (ICE) for 
electrical or mechanical power. There is no doubt that hydrogen is the energy of the 
future. It is certainly one of the best alternatives to replace petroleum products as a clean 
energy carrier, Fig. 1.4. 
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Fig. 1.4 Hydrogen is our energy of the future (courtesy of Web 02, International Association for 
Hydrogen Energy, U. S. ) 
One of the major problems of using hydrogen is the difficulty of storing it in a 
safe and practical manner. Hydrogen can be stored in three states: gas, liquid, and in the 
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form of a solid, e. g. a metallic or intermetallic hydride, a complex chemical hydride, 
and storage in carbon nano-structures. As shown in Tablel. 1 (Wiswall 1978; Ye et al. 
1999), gaseous storage gives a very low volume density, while heavy containers are 
required for the use of high pressures (200-300bar), the form of storage is also 
potentially dangerous, any damage to the container would pose a risk of explosion. For 
liquid storage, a refrigeration system is required to keep the insulated bottles at - 
252.7°C. In contrast, the form of solid state has a relatively large hydrogen storage 
density, it is capable of steadily absorbing and storing hydrogen several ten thousands 
times as much as its own volume before hydrogenation (under normal temperature and 
pressure). Among them, hydrogen-absorbing metals and intermetallic compounds 
(hydrogen-metal system) have been studied for three decades, these are considered as 
one of the promising materials for safely and easily storing, keeping and transporting 
hydrogen as an energy source. 
Table 1.1 Hydrogen content in various media (Wiswall 1978; Ye et al. 1999). 
Medium Density Weight percent of H Number of H atoms 
(g H2/cm3) per cm3, x 1022 
H2 gas at 100atm 8.2 x 10" 100 0.49 
H2, liquid 0.071 100 4.2 
LiH 0.8 12.7 5.3 
MgH2 1.4 7.6 6.7 
Mg2HiH4 2.6 3.8 5.9 
LiAIH4 0.91 10.6 5.74 
CeH3 5.5 2.1 7.0 
TiFeH1993 5.47 1.8 6.0 
LaNi5H67 7 8.25 1.5 7.58 
VH2 4.5 2.1 10.3 
SWNT* - 8.4 - 
*Single-walled carbon nanotube 
There are many advantages for using metal hydride as a hydrogen storage 
medium, such as: 1) high volumetric storage density; 2) provision of super-purity 
hydrogen delivery; 3) solid-state and safe storage; 4) reversible and no self-discharge; 
and 5) package flexiblility - no need to use other assistant vessels to compress the 
hydrogen gas, hence it is easy to handle. In addition, metal hydrides have many possible 
practical applications, such as the negative electrodes for rechargeable NiMH batteries, 
hydrogen storage for heat energy, hydrogen-air fuel cells to power electric vehicles, heat 
pumps and hydrogen internal combustion engines, hydrogen purification and vacuum 
22 
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getters, and finally refrigeration application through the exothermic and endothermic 
reactions during hydrogen discharging and charging in metals. 
Unfortunately, metal hydrides are still suffering from severe limitations. All 
hydrogen absorbing metals and intermetallic compounds except palladium, have an 
even greater affinity for oxygen than for hydrogen. These easily form a surface oxide 
layer, which may exist even after the metal has been cleaned by etching or mechanical 
polishing, and blocks the path of hydrogen atoms into the materials. The slow sorption 
kinetics presented in most hydrogen-metal systems is partially attributed to this surface 
passivation. However, the oxide layer on a metal surface can be destroyed by heating 
the metal between high and low temperatures under vacuum or in the presence of 
hydrogen (Libowitz 1965). In some cases, this requires the exposure of the metal in a 
high hydrogen pressure for a long period of time. Therefore, in the application of a 
hydrogen-metal system, a special activation and protective facility is essential. 
Most metal hydrides are thermodynamically very stable. The thermodynamic 
stability of a hydrogen-metal system actually describes how strong the attraction is for 
hydrogen to dissolve into the host metal and to form a hydride, and in which condition 
the reversible process could occur. The thermal stability can be evaluated through the 
hydride formation enthalpy or the equilibrium plateau pressure. The logarithm of the 
plateau pressures decrease linearly with decreasing temperature, which is often 
presented in a Van't Hoff plot, e. g. in Fig. 1.5 for some representative hydrides 
(Wiswall 1978). Hydrides with a high dissociation pressure are less stable than those 
with a low dissociation pressure. Most metal hydrides have very low dissociation 
pressures at a temperature below 100°C and rather negative enthalpies of formation. 
Sufficient heat is required to activate the dissociation process. A relatively high 
temperature is required for dehydrogenation with 1 bar dissociation pressure. This 
hinders the practical application of the metal hydrides. 
Finally, most metal hydrides are very heavy, and some are prohibitively 
expensive for hydrogen storage applications in practice. 
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Fig. 1.5 Dissociation pressures in some hydrogen-metal systems (courtesy of Wiswall 1978) 
The development of improved metal hydrides is crucial for the successful 
transition from fossil energy resources to hydrogen-fuelled society. For optimum 
hydrogen storage, the desirable properties of metal hydrides are: high hydrogen 
storage capacity (>6. Owt%), high hydrogen uptake and discharge kinetics, low 
temperature of dissociation (below 150°C at 1 bar H2) , microstructural stability 
upon repeated hydride-dehydride cycling, low cost and light weight, in particular 
for moble applications such as electric vehicles (Holtz et al. 1996). 
Different types of material systems have been studied (Bououdina and Guo 
2000), including LaNi5 (Percheron-Guegan 1988; Wronski 2001), TiFe compounds 
(Reilly and Wiswall 1974; Tessier 1995), Zr- & Ti-based Laves phases (Bououdina 
1995; Bououdina et al. 1997; Joubert et al. 1996; Yang et al. 2002), Mg2Ni & Mg based 
materials (Tsushio et al. 1996; Zaluski et al. 1995), composites (Sun et al. 1999), 
carbon nanotubes and sodium alanate related hydrides (Bogdanovic and Schwindeman 
1997; Zaluska et al. 2000). Unfortunately, none of the tested hydrides satisfies all the 
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essential requirements. Alkali metal, alkaline earth metal, rare earth and some transition 
metal hydrides are too stable and require very high temperatures for H2 desorption (e. g. 
650°C for TiH2,880°C for ZrH2) (Libowitz 1965). LaNi5 and related compounds absorb 
/ desorb H2 at room temperature, but are of relatively low H2 capacities (-1.0 wt. %), 
which cannot meet the current demand for electric vehicles. FeTi needs a high 
temperature and a high pressure to activate, due to the formation of a TiO film. AB2 
Laves phases based on the Zri.. T,, (Mn, Cr)Z_yMy (where T=Zr, Ti, Y, Nb, Hf & 
M=V, Mn, Cr, Fe, Co... ) show higher capacities than LaNis, with much improved 
kinetics, but further increase in their H2 capacities is still required. Quasicrystals Zr-Ti- 
Ni based systems show a relatively high capacity (2.5 wt. %), but requires a very long 
time for H2 absorption and a relatively high temperature for H2 release, due to the 
formation of an oxide film (Kelton and Gibbons 1997). Zeolites are of a low H2 
capacity, compared to conventional metal hydrides systems (WeitKamp et al. 1995). 
Single-walled carbon nanotubes show strong potentials as 1-12-storage materials for 
electric vehicles, but the H2 capacity is found to depend on the purity and requires an 
extremely high pressure (large than 100 bars) (Dillon 2000) or extremely low 
temperature (T= -191 °C at P=0.75ba), which are also difficult to process and expensive. 
Sodium alanates and related comples hydrides are strong contenders for hydrogen 
storage due to their high capacity and low dissociation temperature, but poor 
reversibility of hydrogenation/dehydrogenation seriously hinders their practical 
applications. To this end, the most promising materials of high capacity and low 
cost for large-scale applications are Mg-based hydrides. 
Therefore, there is a strong focus on Mg-based hydrogen storage materials at 
present. MgH2 is well-known for its high storage capacity of about 7.6 wt%. It is also 
relatively inexpensive and light, compared with other metal hydrides. However, there 
has been no widespread commercial applications so far, because of its high desorption 
temperature (between 300°C-400°C) as a result of its high thermal stability (EiH =- 
75kJ/mol H2) and a low plateau pressure of 10 Pa at ambient temperature (Buschow et 
al. 1982). Moreover, MgH2 has relatively slow absorption and desorption kinetics. 
Complete conversion of a bulk Mg to MgH2 needs more than 50 hours at 350°C (Bobet 
et al. 2000b). One of the main reasons for the reduction in the sorption rate is the 
oxidation of magnesium surface and/or formation of magnesium hydroxide. If the 
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desorption temperature of the Mg-H system is reduced to 150°C -200°C and the 
sorption rate is improved significantly, Mg-based hydrogen storage materials can attract 
much broad practical applications. 
Various methods have been attempted to overcome kinetic limitation and 
thermodynamic stability of Mg-based hydrogen storage materials, such as surface 
modification, addition of various catalysts, formation of metastable structures or multi- 
phase materials or alloys, and refinement of grain size, as will be discussed in detail in 
Chapter 2. However, none of the resulting achievements so far has led to a Mg-based 
hydrogen storage material that meets sufficiently the aforementioned requirements for 
practical applications. 
Mechanical alloying has been widely used to modify the Mg hydride or 
synthesise Mg-based hydrogen storage alloys. It is capable of producing nanocrystalline 
powder with high specific surface or interface area, synthesising a variety of metastable 
phases, and enhancing the solid solubility of the materials (Bobet et al. 2000a; Chen 
1998). It can also introduce a significant amount of strain, disorder and defects into the 
materials, which may alter the dissociation pressures to certain extent (Normura et al. 
1989). The advantages of using MA for the preparation of Mg-based hydrogen storage 
materials have been verified in many publications. However, it is unclear whether the 
resulting effects are mainly due to chemical alloying or mechanical alloying. There is 
also confusion regarding the true influence of individual additive elements, i. e. whether 
it is due to solid solutioning or surface catalysis. This is further exacerbated by the use 
of incomparable processing methods and/or conditions. It is therefore very desirable to 
carry out a systematic and detailed study of the fundamental influences of chemical and 
mechanical alloying on key properties for hydrogen storage under similar processing 
conditions. In particular, there is a lack of information on desorption characteristics of 
the modified materials. 
Limited reports in the literature (see Chapter 2) indicate that milling the hydride 
instead of the pure metal can produce novel nanostructures, because the hydride phase is 
more brittle than Mg and is easy to break up. For mostly the experimental work 
involved in this thesis, MgH2 powder was used as the main starting material. Hydrogen 
involved in the hydride powder may reduce the level of oxidation during milling, and 
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also avoid sticking between powder particles and between powder and milling balls, so 
that more free powder particles can be obtained after sample preparation. This method 
has so far only been applied to a few modified Mg alloys. 
In order to clarify the above issues and to improve further the properties of Mg- 
based hydrogen storage alloys, this investigation of Mg-based hydrogen storage 
materials will focus on the following objectives: 
" To determine suitable mechanical alloying conditions to refine effectively the 
particle size of MgH2 and its mixtures with other elements, using a planetary 
ball mill; to identify possible phase transformation that may occur during 
mechanical milling and the effects of milling conditions on lattice parameter, 
microstructure, phase composition and hydrogen desorption properties of the 
powder mixtures; 
9 To clarify' the influences of a selected number of alloying elements on the key 
hydrogen storage properties of MgH2, so as to improve the absorption and/or 
desorption kinetics, activation and thermodynamic stability; and 
" To identify new Mg-based materials that possess a high-hydrogen capacity, 
rapid kinetics and are relatively inexpensive for stationary and/or mobile 
hydrogen storage systems. 
To increase the likelihood of success in this research for satisfactory hydrogen 
storage, several avenues of investigation were explored. A synopsis of this thesis is 
described here. Following the brief Introduction, Chapter 2 gives a thorough literature 
survey on hydrogen-metal systems mainly including fundamental properties of metal 
hydrides and major research findings in this field. Meanwhile, Mg-based hydrogen 
storage materials are reviewed in detail in this chapter, including the properties of the 
Mg hydride, main progresses from different research groups, and a brief introduction of 
the mechanical alloying technique and its effects on the storage properties of Mg-based 
materials. Chapter 3 introduces the experimental process and sample characterisation 
involved in this thesis. The experimental results are separated into sub-sections in 
Chapter 4, each of which deals with an important aspect of experimental investigation 
on Mg-based hydrogen storage materials, and begins with a brief description of the 
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specific objectives and method and materials of the study, followed by the experimental 
investigation and analyses. Section 4.1 describes the effect of mechanical milling on 
hydrogen desorption of pure MgH2 under our experimental conditions. Section 4.2 
studies the influence of selected chemical additions M (M=A1, Ti, Fe, Ni, Cu and Nb) 
on hydrogen storage properties of MgH2, using 20 hours as the standard milling time for 
this group of samples. In Section 4.3, a series of milling experiments are reported 
involving Mg or MgH2 mixed with one of the two elements: Al or Nb, to further clarify 
the coupled effect of mechanical alloying and chemical addition on structural stability 
and dehydrogenation of the powder mixtures. The effect of the non-metal element, 
crystalline graphite, on both hydrogen absorption and desorption of Mg by 
mechanically milling MgH2 with graphite is reported in Section 4.4. Section 4.5 
presents how the rare-earth metals, Y and Ce, as additive elements, affect desorption 
properties and microstructure of the powder mixtures during milling. To further identify 
a new promising storage material, the storage properties and phase evolution of two 
multi-component mixtures of (MgH2+Fe+Ce) and (MgH2+Al+Ni+Y+Ce) are reported 
in Section 4.6. Section 4.7 describes the investigation on the direct synthesis of a 
Mg2Fe(Cu)H6 compound by mechanical alloying and its structural and hydrogen- 
desorption characteristics. Chapter 5 covers a general discussion of all the experimental 
findings, followed by concluding remarks of the investigation and future studies in 
Chapter 6 and Chapter 7, respectively. The appendix lists the publications already 
disseminated from the project to date. References cited in each chapter are listed at the 
end of the thesis. 
It would be a great pleasure if the small accomplishment described here may 
contribute to the inevitable transition to a clean and renewable hydrogen economy in the 
UK and worldwide. In any case, it is hoped that this thesis will help to stimulate new 
ideas and perspectives and to promote continued research in this important subject area. 
28 
Chapter 2- Overview of hydrogen storage materials 
CHAPTER 2: OVERVIEW OF HYDROGEN STORAGE 
MATERIALS 
Elemental hydrides can generally be divided into three major categories: (1) 
saline ionic hydrides with strong chemical bonds, such as NaH, LiH alkali metal 
hydrides; (2) covalent molecular hydrides, such as CH4 and A1H3, and (3) metallic 
hydrides with unclear nature of chemical bonds and metallic conductivity, such as the 
most hydrides of the groups III through VIII transition metals including the rare-earth 
and actinide series (Libowitz 1965). Unlike the saline hydrides that are of chemical 
bond and highly irreversible, the metallic hydrides decompose through thermal reaction 
and possess reversible absorption/desorption characteristics. Covalent hydrides are 
unstable at elevated temperatures, many of which decompose even below room 
temperature. Therefore, these are not suitable for hydrogen storage. 
Many hydrogen absorbing metals and their compounds, such as Mg, Nb, V, Ti, 
Mg2Ni, LaNis and FeTi, have been studied for hydrogen storage. However, there are no 
widespread commercial applications so far, except for LaNis, which has been used as 
the negative electrode of NiMH batteries. There is still considerable interest in the 
research of hydrogen storage materials, including both metallic/intermetallic hydrides 
and the recent investigation of complex chemical hydrides and carbon nanotubes. This 
overview focuses on the reversible hydrogen-metal systems (metallic/intermetallic 
hydrides). A historical account of the overall hydrogen storage materials is briefly 
described as follows for better knowledge of the field. 
2.1 Historical Overview of Hydrogen Storage Materials 
From the first discovery of hydrogen by the English natural philosopher, Henry 
Cavendish (1731-1810) during the dissolution of metals (iron and zinc) in sulphuric 
acid, Fig. 2.1(Schlapbach et al. ), we will see that the historical "bond" between 
hydrogen and metals has been a long but not necessarily a stable one. However, the 
interaction between hydrogen and metals in the hydrogen-absorbing systems was only 
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discovered in 1866, when the Scottish chemist and 
physicist, Thomas Graham, first found the ability of 
palladium to absorb large quantities of hydrogen 
(Schlapbach et al. ). In the following years, many 
fundamental as well as practical studies of hydrogen 
in metals were carried out. For example, the chemical 
compound, MgH2, was first recognized in 1891 by 
Winkler, after he heated a mixture of magnesium and 
its oxide for 4 hrs at red-heat in a flow of hydrogen Fig. 2.1 Henry Cavendish first 
(Pedersen 1996); Schneider reported as early as 1895 
discovered hydrogen from 
experiments when metals (Fe and 
that metallic titanium has a capacity to absorb a large Zn) were dissolved in sulphuric acid. 
amount of hydrogen (Schneider 1895); Several papers on the interaction of zirconium 
with hydrogen and on zirconium hydrides were published between 1920 and 1940 
(Aladjem 1996). However, all published work up to that time was on elemental 
hydrides, with thermodynamic stabilities either very high or very low. 
In 1958, Liboli'itz et al. (Libowitz and Hayes 1958) discovered that the 
intermetallic compound ZrNi could be made to form a true ternary hydride (ZrNiH3) 
which had a stability (dissociation pressure) intermediate between the very stable ZrH2 
and the very unstable NiH. The atomic positions of the hydrogen atoms were 
determined in neutron scattering experiments by Peterson et al in 1964 (Buschow et al. 
1982). Although this discovery was not fully appreciated for a decade, the stage had 
been set for the tailoring of hydride stability necessary for practical applications. 
Extensive development of the hydrides of intermetallic compounds for energy 
storage began in the late 1960's, with the important discovery of the hydrides of Mg2Ni 
and FeTi by Reilly and Wiswall (Reilly and Wiswall 1968,1974). Mg2Ni can form the 
hydride, Mg2NiH4, with a high capacity of 3.6 wt%, but it shows a very hard activation 
process and a high decomposition temperature of about 250°C. Compared with MgI12, 
the Mg2NiH4 has a relatively low hydrogen capacity, but the kinetics of hydrogen 
sorption of Mg2Ni is improved, and desorption temperature is slightly reduced. Many 
research activities have been performed in order to modify both Mg and Mg2Ni for 
hydrogen storage applications. Recently the use of mechanical alloying of the materials 
with catalytic elements shows a drastic improvement of the activation and rapid kinetics 
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of hydrogenation and dehydrogenation. This research field constitutes the popular Mg 
and Mg2Ni based hydrogen storage materials. 
TiFe has become a well-known hydrogen storage compound with a total 
hydrogen capacity around 1.89 wt% and its constituent elements are inexpensive. 
However, the activation process of TiFe is troublesome due to the formation of a Ti- 
oxide layer and the requirement of high pressure and high temperature for hydrogen 
absorption and desorption. In several studies, Fe has been replaced in part by other 
transition metals of similar atomic sizes, e. g. Ni and Mn (Chung and Lee 1990; Nan and 
Zhangda 1987), and by other elements, e. g. Zr and Pd (Bououdina and Guo 2000; 
Lanyin et al. 1999). These substitutions have resulted in changes of thermodynamic 
properties of the systems due to the catalytic effect of the 3d metals (Ni, Mn, and Pd), 
and an increase of the oxidation resistance of the alloys (Zr and Ni). 
The applications of metal hydrides took a great leap forward in the 1970's when 
the LaNi5 intermetallic compound was discovered to absorb and desorb hydrogen 
readily at near ambient conditions by Van Vucht et al. at Philips laboratories (Vucht et 
al. 1970). Since then, LaNi5 related systems have been extensively studied. The 
compound LaNi5 can absorb about 1.5wt% hydrogen, and it is easy to activate. LaNi5 
based alloys are the only practical materials used as the negative electrode in the NiMH 
rechargeable batteries. The most recent research programmes of LaNi5-related systems 
are oriented for electric vehicle batteries. Unfortunately the hydrogen capacity is much 
degraded after a few cycles and also this material is very heavy. The increasing demand 
for high specific properties in rechargeable batteries, e. g. a high capacity, light weight, 
long life and rapid recharge/discharge, means that LaNi5 related systems should be 
replaced by new types of hydrogen absorbing materials. 
Following LaNis, in the attempt to searching for new intermetallic compounds to 
replace the LaNi5 system, the hydrides of the Laves phase AB2 type compounds were 
identified by Shaltiel et al. (Shaltiel et al. 1977) and Ishido et al. (Ishido et al. 1977) in 
the mid 1970's. In addition, some amorphous alloys were also investigated during that 
time (Maeland 1978). This series of successes culminated in 1983 with the discovery of 
the high capacity ternary hydride Mg2FeH6 (Didisheim et al. 1983). 
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Laves phase has the formula unit AB2, where the "A" atoms are ordered as in 
diamond, or a related structure, and the "B" atoms form tetrahedra around the A atoms. 
It includes the fcc C15 (MgCu2), hexagonal C14 (MgZn2), and dihexagonal C36 
(MgNi2) structures, they transform from one to the other during heating and cooling 
(Barrett and Massalski 1987; Hong and Fu 2002). The hydrides of Zr-based Laves 
phases, such as ZrV2H5.3. ZrMn2H3.6 and ZrCr2H3.4, have shown a relatively high 
hydrogen storage capacity, and fast kinetics, long life and relatively low cost in 
comparison to the LaNi5 related systems, but are still too stable at room temperature. 
Moreover, multi-component Ti/Zr-based Laves phase compounds have been studied 
extensively as hydrogen storage materials and also as negative electrode in NiMH 
batteries (Bououdina and Guo 2000). However, these have not been used in practice due 
to their poor activation characteristics and the easy oxidation of Ti. 
Since 1983, fundamental and application-oriented studies have been flourishing, 
but a satisfactory hydride for hydrogen storage applications is yet to be identified. In the 
more recent studies, many complex hydrogen storage materials, so called complex 
hydrides, have been investigated, which are different from alloy hydrides. As molecular 
compounds, complex hydrides are non-conducting in their pure state, can dissolve in 
appropriate solvents without decomposition, but dissociate in ionizing solvents, and 
must be made from other hydrides by metathesis reactions in an anhydrous solvent. 
Most of them have very poor reversibility for hydrogen storage. However, they are still 
considered as attractive H2 storage media with high storage capacities, see Fig. 2.2. 
Examples of such hydrides include Li-Be hydrides (LiBe,, H2m+n), with very light 
weight and high storage capacity of more than 8wt% (Zaluska et al. 2000b), and Alkali 
metal alanates, e. g. Na3AIH6, Na2LiAlH6 (Huot et al. 1999a), Li3A1H6 and (Li-Na- 
B)3AIH6 (Zaluska et al. 1999b), with high theoretical capacity and relatively low 
temperatures of reversible hydrogen storage at about 80°C-180°C with 2.5-5 wt% H2 
after mechanical grinding or chemical modification (Gross et al. 2002; Zaluska et al. 
2000a). Li-Be hydrides were under intensive investigation in the late 1980's. It was 
suggested that these might be a substitute for metallic hydrogen storage materials. 
Renewed efforts in the early 1990's were focused on alternative synthesis approaches of 
Li-Be hydrides to replace the slow and expensive method of organometallic synthesis 
(Cantrell et al. 1991; Maienschein et al. 1991; Maienschein et al. 1993). Sodium 
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alanates, NaA1H4 and Na3A1H6i were first synthesised in the late 1940's and early 
1960's, respectively, and considered as irreversible hydrogen storage materials with 
extremely slow hydrogen release rates, since these release hydrogen through a series of 
decomposition reactions, unlike the classic interstitial metallic hydrides (Dilts and 
Ashby 1972; Zaluska et al. 2000a): 
NaAIH4 --+ 1/3Na3A1H6 + 2/3A1 + H2 (3.7 wt%, 185°C-230°C) --º NaH + Al + 3/2H2 
(1.9 wt%, 260°C) 
NaH --1- Na +1/2H2 (1.85wt%, occurs at a relatively high temperature of 425°C. Total 
7.4 wt%) 
In 1996, Bogdanovic and Schwickardi (Bogdanovic and Schwickardi 1997) first 
showed pioneering results of catalysed alanates for hydrogen storage. By the addition of 
catalysts, the complex hydride NaAlH4 could be made to release and absorb reversibly 
approximately 4 wt% hydrogen under moderate conditions. Since then, there have been 
considerable efforts to develop new catalysts and advanced methods of doping and 
materials processing, with much improved fundamental and practical understanding of 
the hydriding mechanisms of such complex hydrides for on-board hydrogen storage. 
In 1991, Iijima (lijima 1991) discovered a new form of carbon, the carbon 
nanotubes (CNTs). Tubes formed by only one single graphite layer are called single 
wall nanotubes (SWNTs); tubes consisting of multiple concentric graphite layers are 
called multi-wall nanotubes (MWNTs), ranging in number from two to up to about fifty 
(Züttel et al. 2002). Dillon et al. in 1997 measured the hydrogen adsorption in carbon 
nanotubes, reported that SWNTs can store and release a large amount of hydrogen at or 
near ambient temperature and pressure. Hydrogen is thought to condense to a high 
density inside the S WNTs (Dillon et al. 1997). Generally, the phenomenon of hydrogen 
storage in carbon nanotubes is suggested to be physisorption, in which the hydrogen is 
adsorbed near the carbon surface only due to the physical forces - van der Waal 
interactions (Darkrim et al. 2002). Hydrogen in purified and open carbon nanotubes 
may be adsorbed both inside and outside the compacted bundles of carbon nanotubes. 
Many research activities on adsorption of hydrogen in carbon nanotubes have extended 
further to molecular simulations. However, the experimental data are widely scattered 
and even contradictory, and so far, theoretical predictions fail to confirm the high-level 
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of absorption reported experimentally. One of the main explanations is that the practical 
materials are different from those assumed theoretically (Darkrim et al. 2002). 
Since 1996, studies of thin films of rare earth metals and related compounds with 
the ability of reversible hydrogen loading have also attracted large interest due to their 
switchable optical properties, from a "shiny mirror" state (highly reflective) to a 
transparent state during hydrogenation. Such a phenomenon has been recently observed 
in RE-Mg (RE=rare-earth metals) alloy hydride thin films, such as Gd-Mg, Sm-Mg and 
Y-Mg hydrides (Giebels et al. 2002; Nagengast et al. 1999; Quwerkerk 1998; Sluis et 
al. 1997). A thin film of Mg-Ni alloy (Mg2NiH4) has also been identified to show a 
property of optical switching. Therefore, it is possible that new switchable mirror 
materials based on such ternary hydrides as Mg2FeH6 and Mg2CoH6 will be discovered 
(Griessen 2001). Yamamoto et al. showed the optical transmission properties of a pure 
Mg thin film coated with Pd without rare-earth elements and suggested that pure Mg 
and Mg-based alloy thin films should be studied for the understanding of the 
fundamental mechanisms of light switching (Yamamoto et al. 2002). 
Chen et al. reported in Nature in 2002 that lithium nitride, Li3N, can reversibly 
take up a large amount of hydrogen (Li3N-*Li3NH4) (Chen et al. 2002b). A total 
hydrogen uptake of about 9.3wt% was achieved after keeping the sample at 255°C for 
30 minutes. Under high vacuum, 6.3wt% of hydrogen was released at a temperature 
below 200°C; the rest 3wt% hydrogen could be desorbed only at a temperature above 
320°C. They also confirmed the hydrogen storage ability of Li2NH and Ca2NH. To 
meet practical applications of the present materials, the hydrogen release temperature is 
still too high. However, there is a large scope for further exploring the metal-N-H 
systems for hydrogen storage, since the group I-IV and some transition metals have 
their nitride, hydride and amide forms. 
Metal hydrides have not met much commercial success because these still suffer 
from various deficiencies in the key properties for hydrogen storage. Further work is 
required to enhance materials design, and engineering and mechanistic understanding. 
The most popular hydrogen storage materials that have been studied are compared in 
Fig. 2.2, in terms of hydrogen storage capacity per unit volume (Y-axis) vs. per unit 
weight (X-axis). 
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Fig. 2.2 Comparison of key properties of some metal hydrides, carbon nano-tubes, complex 
hydrides, petrol and other hydrocarbons (courtesy of Schlapbach and Züttel 2001). 
In summary, the following groups of hydrogen storage materials have been 
considered so far: 
" Single binary hydrides: the hydrides of Ti, Zr, Hf, V, Nb and Ta; the hydrides of 
rare earth and saline metal, Ce, La, Y, Li, Na and Ca etc. (Libowitz 1965); 
" FeTi and related compounds; 
" LaNi5 and related compounds for the NiMH rechargeable batteries; 
" Zr-based AB2 Laves phases and related compounds for replacing LaNi5 systems, 
the promising choice is the Ovonic nickel metal hydride batteries by using multi- 
element Zr-based AB2 Zr-Ti-V-Cr-Mn-Co-Ni alloys (Ovshinsky et al. 1993). 
The others are ZrV2H5.2 and ZrMn2H3.0 etc. with higher capacity than LaNi5 
systems (Fruchart et al. 1980; Young el al. 1999); 
" Ti-based BCC alloys with an extremely rapid reaction rate with hydrogen, such 
as Ti-V-Mn, Ti-V-Ni and Ti-V-Fe alloys(Akiba 1999; Iba and Akiba 1997; 
Nomura and Akiba 1995; Tsukahara et al. 1995); 
" Mg-based alloys with high storage capacities; 
" Hydrogen storage in quasicrystalline materials, such as, Ti45Zr; KNi17, with a 
capacity of 2.5wt% H (Bououdina and Guo 2000); 
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" Chemical-reaction-related complex hydrides, such as KBH4, LiBH4, NaBH4, 
LiA1H4, NaAIH4, etc., and their modified compounds; 
0 Single-walled carbon nanotubes as potential hydrogen storage materials for 
electric vehicles, Fig. 2.3a; 
" Hydrogen storage in microporous zeolites (Fraenkel and Shabtai 1977; Lobo 
1997; WeitKamp et al. 1995), Fig. 2.3c; or other mesoporous materials, e. g. 
metal-organic Zn4O (BDC)3 (DMF)8 (C6H5CI), Fig. 2.3b (Li et at. 1999) and 
organosilica, benzene-silica hybrid material (Inagaki et al. 2002); 
" Rare earth metals and related compound thin films with optical transmission 
properties. 
9 Metal-N-H system, such as Li2NH and Ca2NH 
(a) (b) (c) 
Fig. 2.3 Micrographs of (a) the atomic structure of a carbon nano-tube, 200-300nm aligned and 
tangled, spaghetti-like carbon nano-tubes, (courtesy of Thostenson et al. 2001); (b) mesoporous metal- 
organic Zn4O (BDC)3 (DMF)8 (C6H5C1), (courtesy of Li et a!. 1999); and (c) large porous high silica 
zeolite, Si02/A1203 - 70, (courtesy of Lobo 1997). 
Note: References not indicated in the summary can be found in the main text of this section. 
2.2. Important Properties of the Hydrogen-Metal System. 
In the hydrogen-metal system, several properties are important in determining whether 
or not a material is useful for storing hydrogen. It is essential to understand fully the 
fundamental mechanisms that govern the interaction between hydrogen and metals, and 
influence of key parameters on such properties. 
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2.2.1. Hydrogen storage in metal s/intermetaIIics. 
Hydrogen enters a metal only as single atoms, or ions. It either changes the 
crystalline structure of the host metal, or forms an ordered structure without changing 
the host-metal structure, while the host lattice undergoes a slight distortion and 
expansion. These hydrogen atoms in a metal can be desorbed simply by heating the host 
metal or by decreasing the surrounding hydrogen pressure. So a reversible hydrogen- 
metal system can be performed as an effective hydrogen-storage medium. 
In a hydrogen-metal system, hydrogen is absorbed onto the surface of a metal 
following the dissociation of hydrogen gas molecules into atomic hydrogen at the 
surface or by the electrochemical dissociation of water at the surface. This atomic 
hydrogen then diffuses through the crystal lattice of the host metal, moving from one 
interstitial site to another. Unlike in the ionic saline hydrides (NaH, Lill, Call, CsH), 
which consist predominantly of metal cations and hydrogen anions, H-, dissolved 
hydrogen in metallic hydrides exists either as a solid solution or as a distinct metal- 
hydride phase (interstitial compounds). The nature of the chemical bond in the metallic 
hydrides is very poorly understood at present. It is not very clear whether hydrogen 
exists in a hydride as protonic hydrogen or as covalently or ionically bonded hydrogen, 
or without chemical bonding at all. Indeed the characteristics of chemical bonding can 
be noted by their relatively high heats of formation and also by the fact that in almost all 
cases there is a change in structure when going from the metal phase to the hydride 
phase (Libowitz 1965). 
Z 
y 
R 
(a) Tetrahedral (in a bcc structure) (b) Octahedral ( in an tcc structure) 
Fig. 2.4 Tetrahedral (T) and Octahedral (0) interstitial sites in a bee and an fcc structure, respectively. 
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The atomic hydrogen in metals may partially or fully occupy different sets of 
interstitial sites. Metallic hydrides formed by one elemental metal and hydrogen are 
termed as binary hydrides. Hydrides of intermetallic compounds composed of two 
elemental metals are termed as ternary hydrides. In the binary hydrides, hydrogen is 
usually located in two types of interstitial sites: the octahedral sites and the tetrahedral 
sites. These two basic types of sites are illustrated in Fig. 2.4 for bcc or fcc crystal 
structures as an example (Tessier 1995). The number and size of these interstitial sites 
in the basic metal structures are listed in Table 2.1 (Fukai 1993). 
Table 2.1 Number and size of the interstitial sites in the fcc, hcp and bcc structures. 
structure fcc & hcp fcc & hcp bcc bcc 
site octahedral tetrahedral octahedral tetrahedral 
Number of sites (per metal atom) 1 2 3 6 
Size* (per metal atom radius) 0.414 0.225 0.155 0.291 
* Maximum radius of sphere, which can be accommodated in an interstitial space formed by metal atoms. 
Here are the examples of some binary hydrides, which occupy different interstitial 
sites in the structure (Gross 1998): 
" The monohydrides of the transition metals such as NIH, RhH and PdH consist of the NaCl- 
type fcc metal structure with hydrogen atoms situated in the (0) sites; 
" Many of the dihydrides have the CaF2 type fcc structure where hydrogen occupies the (T) 
sites. These are TiH2, ZrH2, NbH2, LaH2 and CeH1; and 
" The trihydrides SmH3, GdH3, DyH3, ErH3 and YH3 are hexagonal with hydrogen occupying 
both (T) and (0) sites. 
As mentioned above, a new crystal structure of hydrides may also form by a change in 
the original host-metal symmetry. For example, metal Mg has a hexagonal close-packed 
crystal structure, while magnesium hydride, MgH2, has the tetragonal structure. 
For hydrides formed with intermetallic compounds, because of the presence of 
different metal elements in the host metal lattice, the structures and symmetries of the 
intermetallic hydrides tend to be more complex than binary hydrides. In most cases, it is 
unclear about the local configuration of hydrogen atoms in the materials. However, as 
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an exception, Mg2FeH6 exhibits a well-ordered structure at room temperature, a cubic 
K2PtC1-type structure with octahedral [FeH6]4 complexes of anions surrounded by Mg 
in eight-fold cubic configuration (Yvon 1994). Generally speaking, most ternary metal 
hydrides (the hydrides of intermetallic compounds composed of two elemental metals 
and hydrogen) exhibit the same metal lattice structure as the host compounds with some 
lattice expansion and possibly distortion. Moreover, Shoemaker et al (Shoemaker and 
Shoemaker 1979) made a very thorough study of the crystal structure of hexagonal and 
cubic Laves phases, and found that only the tetrahedral interstitial sites are likely to be 
occupied in these structures. 
Morinaga et al. (Morinaga et al. 2002) have investigated the hydrogen 
occupancy in the binary A-B hydrogen storage alloys by a molecular orbital method, 
where A and B are the hydride forming and non-forming elements, respectively. The 
results show that hydrogen occupies interstitial sites at the centre of either distorted 
octahedron or tetrahedron with different edge lengths: hydrogen interacts strongly with 
the B element, and its interaction with the A element in the alloy is weakened, despite 
the fact that the A element has a stronger affinity for hydrogen than the B element when 
these interact with hydrogen individually, as illustrated in Fig. 2.5. However, this B-H 
interaction in the alloy hydride, Fig. 2.5 (b), is much weaker than the A-H interaction in 
the pure "A" hydride, Fig. 2.5 (a). As a result, the alloy hydride is usually less stable 
than the pure "A" hydride. Hence, the hydrogen desorption process can be readily 
activated for the alloy hydride. 
(a) 
A 
DI 
j Strong A-H interaction 
(b) 
A 
------ t- 
Weak A-H interaction 
wB---r_ 
Strong B-H 
interaction 
Partial density of states Partial density of states 
Fig. 2.5 Schematic illustration of the energy band structures of: (a) a pure metal hydride; and 
(b) hydride formed in hydrogen storage alloy consisting of both A and B elements (courtesy of 
Morinaga et al. 2002) 
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Beyond the ternary hydrides, there exist a number of other (intermetallic) 
materials that form hydrides, as summarised below (Gross 1998, p. 44): 
" Amorphous alloys (e. g. MgNiH_2), 
" Solid-solution alloys in which a second metal randomly occupies the host metal 
sites, 
" Ternary intermetallic compounds which form quaternary hydrides, such as the 
hydride of Nd2Fel4BH3.5, 
" Pseudo-binary compounds in which one or both elements of a binary 
compounds are substituted by a third element (e. g. Mg2.,, Ti,, Ni1. yCuy -HZ 
(Yuan et al. 1999)), 
" Multiphase alloys or composites in which one or more phases form a hydride 
(e. g. Mg + La + Mg2Ni composites). 
The storing process of hydrogen in a metal or an intermetallic compound can be 
written in the following reactions: 
(1) M+ H2 t* MH : This occurs in elemental metals, such as Mg +H2 a MgH2 
Two types of reactions, based on solid-solid interactions involving hydrogen with 
two or more metallic components, are: 
(2) mA + nB +x/2H2 ' AmBnHx: Here, the two metallic components A and B do 
not form intermetallic compounds in the desorbed state. Hydrogen bonds them 
together into a ternary hydride. This type of reaction can be found in the Li-Be 
system and the absorption/desorption of Mg2FeH6 (Zaluska et al. 2001); and 
(3) AmBn + X/2H2 q A, Hx + nB: the metallic components in the hydride interact to 
form intermetallic phases in the dehydrogenated state. This can be seen in the 
Mg-Al system (MgAlm + nH2 a nMgH2 + mAl). However, the hydrogen 
absorption/desorption in this reaction is totally reversible (Patent 1997). 
Nevertheless, there are still some exceptions, such as in the Mg-Cu system, 2Mg2Cu + 
3H2 r* MgCu2 + 3MgH2, where the intermetalllic compound, Mg2Cu, has an ordinary 
chemical reaction rather than an absorption reaction. 
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2.2.2 Thermodynamics of hydrogen absorption/desorption 
Thermodynamics provides a means of understanding the stability and/or 
transformation of hydrogen-metal systems under the influence of temperature and/or 
pressure, e. g. what the likelihood is for hydrogen to dissolve into a host metal and to 
form a hydride. The following paragraphs describe several parameters in relation to 
thermodynamic quantities of the hydrogen-metal system. 
2.2.2.1 Pressure-composition isotherms 
Pressure-composition isotherms for a hydrogen-metal system are often expressed 
as the pressure-composition-temperature (PCT) diagrams. It provides a link between 
surrounding hydrogen pressure (P) and hydrogen concentration (C) in the material at 
equilibrium under a constant temperature. To develop a basic understanding of the 
principles of this thermodynamic measurement, it is useful to start with an idealised 
representation of the PCT diagram as shown in Fig. 2.6. 
P 
aý 
an 
0 w Ici 
x 
C 
Fig. 2.6 General pressure-composition isotherms (PCT) for a hypothetical dihydride. 
Moving along one isotherm Tl in Fig. 2.6, hydrogen starts to dissolve in the 
metal phase as external pressure increases. In the low-pressure region, hydrogen 
concentration in the material increases in equilibrium with the increase of hydrogen 
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pressure, leading to a solid solution of hydrogen in the metal (a-phase). When the metal 
phase becomes saturated with hydrogen at point A, the addition of more hydrogen to the 
system will result in the formation of the hydride phase (ß-phase), with the composition 
at point B (e. g. MH1,6). That means a hydride is formed locally by the occupation of 
particular interstitial sites and, usually, with a change of the crystal structure. As 
hydrogen is further added, more of the hydrogen-saturated metal phase is converted to 
the MH1.6 until the total hydrogen-to-metal ratio of 1.6 is reached at point B. During the 
process from A to B, the concentration increases while there is no change in the 
hydrogen pressure, which is called the "plateau" pressure. The plateau region is also 
referred to as a miscibility gap. With further increase of hydrogen pressure after point B, 
there is little change in hydrogen concentration. Only when a y- (the 3`d) phase is 
formed in some cases, then a second or a higher plateau will appear. 
For a given material, the plateau pressure increases with temperature. As seen in 
Fig. 2.6, Ti>T2, the plateau pressure at Tl is higher than that at T2. The PCT diagram of 
different materials is actually a measure of the thermal stability of the hydride phase. If 
the hydrogen pressure around a hydride at any given temperature drops below the 
plateau pressure for that temperature, the hydride phase is no longer stable, and shall 
tend to release hydrogen. It is clear that for absorption, the surrounding pressure must be 
raised higher than the plateau in order to form a single hydride phase. For desorption, 
the pressure has to be decreased further than the plateau pressure in order to decompose 
the hydride phase. At a given temperature, hydrides of high plateau pressures are less 
stable than those with low plateau pressures. 
The PCT diagrams of a hydride at different temperatures can also be converted 
to a form of approximately straight line on a Van't Hoff plot (see section 2.2.2.2 for 
details), a function of In (pequilibrium) versus 1/T, which relates the equilibrium H2 
pressure P to the corresponding absolute temperature T, such as the schematic graph of 
an idealized plot presented in Fig. 2.7. The Van't Hoff plot further shows that the higher 
the surrounding temperature, the higher the plateau pressure for a given system, as also 
seen from the Van't Hoff plots of some representative hydrides in Fig. 1.5 in the 
Introduction chapter. For practical applications, the plateau pressure of the hydride 
should be at least 1 bar at the operating temperature of the device (Wiswall 1978). 
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Hydrides that have absorption/desorption plateau pressures in the range of 1 bar near 
room temperature are of particular interest for hydrogen storage applications. 
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Fig. 2.7 The idealized PCT curve and its relative Van't Hoff plot for a hypothetical hydride. 
There are many factors that can substantially modify the P-C isotherms for the 
development of new materials, which will be described here with some experimental 
results as examples. An amorphous structure, typically produced by non-equilibrium 
processing such as rapid solidification or mechanical alloying, possesses different 
hydrogenation characteristics from the crystalline counterpart, although both materials 
may have identical chemical composition. Normally, hydrogen atoms occupy similar 
interstitial sites in the amorphous structure to those in the corresponding crystalline 
structure, but the binding energy of the interstitial site varies, due to heavy and varied 
lattice distortion in the amorphous structure. Therefore, the metastable configuration 
leads to a certain level of shift in the plateau pressure, even the absence of a plateau in 
the P-C isotherms, and so further extends the limits of solid solubility of hydrogen in 
metals. 
An example of such changes is presented in Fig. 2.8 for FeTi, where the plateau 
totally disappears for the amorphous case (Zaluski et al. 1992; Zaluski et al. 1993). 
Moreover, by changing the extent of the metastable phase in a given Mg-based alloy, 
the solid-state solubility of hydrogen in the material can be significantly enlarged; the 
plateau pressure shifts to a lower level in a partially amorphized alloy (Stuhr et al. 1995; 
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Tessier et al. 1996). These examples clearly illustrate the sensitivity of the PCT diagram 
to the local atomic configuration. The chemical composition of a given metal alloy is 
also one of the most important factors in the metal-hydrogen system (e. g. FeTi and 
Fe40Ti54), and the change of plateau pressure with composition varies depending on the 
alloying element. Some additions decrease the plateau pressure, but most of them 
increase it (Zaluski et al. 1997). 
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Fig. 2.8 Pressure-composition isotherms of 
absorption at room temperature for: a) 
polycrystalline FeTi and b) amorphous FeTi 
(courtesy of Zaluski et at 1993). 
1/T*103 (K-1) 
Fig. 2.9 Van't Hoff plot for: a) magnesium and 
b) nanocrystalline magnesium (courtesy of 
Bogdanovic and Spliethoff 1987). 
Fine grain sizes or a large number of grain boundaries in the nanocrystalline 
alloys influence the thermodynamic properties of the materials. It has been noted that 
most nanocrystalline intermetallics exhibit a narrow absorption plateau, and in one case, 
a lower plateau pressure, compared to coarse-grained materials. It is more like a 
partially amorphous system (Suryanarayana 2001). However, the grain boundaries of 
nanocrystalline hydrides do not seem to affect the shape of the PCT curves, while the 
grain size influences visibly the Van't Hoff plots of the materials. Fig. 2.9 shows a 
comparison of the Van't Hoff plots for a nanocrystalline magnesium and a conventional 
magnesium (Bogdanovic and Spliethoff 1987). The line for the nanocrystalline Mg is 
steeper (measured between 300°C-400°C), indicating a more negative value of the 
"enthalpy of formation". One possible explanation of the increased slope is that there is 
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a higher average binding energy between H and Mg atoms in the nanocrystalline Mg, 
possibly resulting from the formation of special defects with high binding energy. 
On the other hand, it has been 
noted that the formation of cracks and 
lattice defects during milling or cycling 
lowers the hydrogen absorption plateau in 
the PCT diagram of a hydrogen-metal 
system. In other words, the relaxation of 
the materials or loss of lattice defects and 
internal strain increases the absorption 
plateau pressure. Therefore, the un-relaxed 
material is easer for hydrogen uptake. This 
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defects introduced during cycles and their Fig. 2.10 PCT curve at room temperature for: a) a 
effects on P-C characteristics of LaNi5 and nanocrystalline FeTi in the as -ball-milled state, and 
after annealling at : b) 300°C for 0.5 hour; c) 400°C 
FeTi compounds. The absorption pressure for 0.5 hour and d) after prolonged annealling at 
for the second cycle is reduced 
400°C (courtesy of Zaluski et al. 1995b). 
significantly compared to that for the first absorption due to the formation of several 
cracks and lattice defects during the first cycle. However, for both compounds, the 
desorption plateau pressure does not change with the cycling. Zaluski et at. (Zaluski et 
al. 1995b) also report that a ball-milled FeTi with a large amount of strain, disorder and 
defects, after a long annealing at 400°C, shows a well defined and higher plateau, 
characteristic of the fully relaxed materials, as seen in Fig. 2.10. 
Multi-phase materials consisting of two or more phases with different 
hydrogenation behaviours may show combined PCT characteristics. For example, Fig. 
2.11 shows the PCT curve of a MgH2 -30wt% LaNi5 composite at 583K formed by 
mechanical milling of MgH2-30wt% LaNi5 (Liang et al. 2000). A composite of 
(MgH2+LaH3+Mg2NiH4+Mg) was produced under hydrogen. The PCT measurements 
for the composite show two plateaus. The low pressure one corresponds to MgH2, and 
the high pressure one corresponds to Mg2NiH4. So we can conclude that metal- 
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hydrogen systems may show more than one equilibrium plateau, each plateau 
corresponds to the formation of a specific hydride phase. 
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Fig. 2.11 PCT curve of a (MgH2+30wt%LaNi5) composite at 583K (courtesy of 
Liang et al. 2000). 
2.2.2.2 Standard enthalpy and entropy 
The reaction of hydrogen with a metal M to from a stable hydride can be 
described by the following reaction (i. e. direct reaction of a metal with hydrogen gas): 
M+ 2H2=MH (1) 
the transition to MH is the hydrogen absorption to form a solid solution and the 
formation of a hydride phase, which in general, is an exothermic reaction; the reverse 
reaction is the endothermic desorption process. 
The enthalpy and entropy of hydride formation or decomposition defines the 
relative stability of the hydride. The standard enthalpy of formation (OHf) of a metal 
hydride, MH,,, can be calculated from the Van't Hoff equation, shown as follows 
(Waser 1966): 
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8(1nkp) 
_ 
AHf 
(2) 
dT RT 2 
where R= gas constant 
T= temperature (K) 
kp the equilibrium constant, and is given by 
Q 
kp 
am X an/2 HZ 
a= activity 
At the standard state, the hydride and the metal are taken as pure solids in each case, 
hence a,,,. = aM=1 and a., = pH, , equation (3) becomes: 
kp= pH 12 (4) 
i 
Substituting equation (4) into equation (2) and then integrating (assuming AHf to be a 
constant over a relative small temperature range) leads to another form of the Van't 
Hoff equation: 
In pH2 =n2 Rf +C 
(5) 
where C= the constant of integration. 
Hence, the enthalpy of formation of the hydride can be determined experimentally from 
the slope of the straight line of In PH, versus 11T plot (the Van't Hoff plot, such as Fig. 
2.7): 
AH f=2x gradient (6) 
As we know, the free energy of hydride formation at a given temperature, T, can be 
written as: 
/G f(T) _ 
Ar,. 
(T) -T" 
as 
f(T) and 
OG f(T) = -RT " ln(k p) =2" 
RT " ln(PH2 ) 
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where OG f(T) is the free energy of formation, ES f(T) is the entropy change. We can 
establish the following relationship: 
ln(pH, ) = 
20H f1 20S j 
n- RT n- R 
(7) 
Hence, the entropy change of hydride formation can be determined from the intercept of 
the Van't Hoff plot. 
A metal hydride with formation enthalpy more negative than -39kJ/mol H2 is 
usually regarded as a stable hydride, the equilibrium pressure of which should not be 
above 1 bar at T= 300K (Buschow et al. 1982, p. 945). However, if the formation 
enthalpy is too negative, the reverse desorption process is very difficult to initiate. For 
most applications, it is better to focus attention on those hydrides with dHf > -84kJ/mol 
H2 (Wiswall 1978, p. 216). From the literature, the standard enthalpy OH and entropy 
AS of hydrogen absorption by Mg, Mg2Ni and several other metal phases are listed in 
Table 2.2. 
Table 2.2 Comparison of the enthalpy OHI [kJ mol''H21 and entropy ASf [J deg''mol"H2] of 
hydrogen absorption by Mg. Mg2Ni and metal metal phases (Libowitz 1965; Reilly 1979; Wiswall 
1978). 
Mg2NiH4 MgH2 ZrH2 TiH2 HfHj. 7 LaNi5H6 LaH2 YH2 CeH2 
dhlj 1 -64.5 -75.0 -162.6 -123.7 -112.9 -31.8 -209.0 -183.9 -204.8 
4Sf 1 -122.0 -138.1 -134.2 -126.6 -87.8 -108.7 -159.48 -112.7 -146.3 
For the group IV transition metals, Zr, Ti, Hf and most of the rare-earth metals 
(La, Ce, Pr, Nd, Gd, Y), the hydride formation enthalpy at room temperature is very 
negative. Therefore, the hydrides of these metals are very stable at room temperature. 
These are unsuitable for reversible storage. The group V metals, e. g. V, Nb and Ta, 
form relatively less stable hydrides, the LHf of V-ºVH2 and Nb-ºNbH2 are -54 kJ/mol 
and -60 kJ/mol H2, respectively, (Buschow et al. 1982); the dissociation temperature of 
VH2 at 1 bar plateau pressure is 13°C and that of NbH2 is 31°C (Reilly and Wiswall 
1970); so their hydrides decompose near or slightly above room temperature (at 1 bar). 
Thus, it is not surprising that this group of metal hydrides have been extensively 
investigated in the past. An obvious example of covalent hydrides is A1113, with a AHf= 
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-11.3 kJ/mol H2 (Sinke et al. 1967), which is extremely unstable at room temperature. 
Similar cases are the hydrides of nickel, cobalt and iron. Therefore, these metals are 
always refereed to as the hydride non-forming elements. Compared to the elemental 
metal hydrides, the alloys with one hydride forming element and one non-forming 
element could lower the formation enthalpy and benefit the hydrogen desorption 
process. Such examples are MgH2-Mg2NiH4, LaH2-LaNi5H6, and TiH2-TiFeH2 ( 
-24.7 kJ/mol H2). This is in agreement with the investigation by Morinaga et al., as 
described in Section 2.2.1 about the comparison of hydrogen occupancy in the binary 
A-B hydrogen storage alloys with the hydrogen-metal interaction in the relevant 
elemental metal. 
Buschow et al. deducted simple rules for the hydride stabilities of intermetallic 
compounds (Buschow et al. 1982). Some of them are described in the following: 
(a) Transition-metal intermetallic compounds that form stable hydrides should 
contain at least one metal that forms stable binary hydrides, e. g. TiFeH2. The 
opposite situation also exist: there are binary systems in which both metals can 
absorb large quantities of hydrogen, such as Nb and Pd, but the alloys do not take 
up hydrogen; 
(b) In a binary system in which there are a number of intermetallic compounds ABS, 
(where A is the hydride forming metal, B is the hydride non-forming metal), the 
stability of the hydride increases with decrease n. An example of this 
characteristics is shown in Table 2.3; and 
Table 2.3 Stability of hydride of LaNio as a function of La concentration 
(Buschow et al. 1982, Table 8) 
compound nH(300K) Peq (atm) T (°C) 
LaNi5 6 2 25 
La2Ni7 6-11 0.6 25 
LaNi3 5 <1 200 
LaNi2 4 5x 10'3 252 
La2Ni3 4 Very slow 40 
LaNi 3 Low 300 
La3Ni 9 Very slow 40 
L 
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(c) A group of compounds that are not included in the above quantitative 
considerations on stability is that of compounds AB with n<1 (A, hydride 
forming metal). The enthalpy of its hydride is comparable with that of the binary 
hydride A. Examples are the hydrogen absorption in Ti3Pt, Ti3A1 with an enthalpy 
close to that of TiH2. 
2.2.2.3 Sloping plateau and hysteresis 
The pressure-composition isotherms described in Section 2.2.2.1 are for ideal 
cases. In practice, two important phenomena, sloping plateau and hysteresis, often exist, 
which have to be taken into account for actual measurement. 
The plateau pressure in equilibrium should be independent of the hydrogen 
concentration at a given temperature in an ideal case, which means that the plateau in 
the PCT diagram should be flat. However, this is rarely observed in actual experiments. 
The measured plateaus are usually sloping to some extent, which is called a sloping 
plateau. It is important to note that the most experimentally obtained sloping plateaus 
result from the measuring process in which the pressure has not reached real 
equilibrium. This is particularly prevalent in hydrogen-metal systems that have poor 
kinetics. On the other hand, plateaus also show some sloping under true equilibrium 
conditions. This is due to defects in the lattice or disorder in the atomic arrangement, 
which creates slightly different potentials for otherwise identical interstitial sites (Gross 
1998, p. 27). This sloping plateau is schematically demonstrated from the hypothetical 
PCT diagram of the actual hydrogen absorption/desorption in Fig. 2.12. However, 
careful preparation techniques, especially annealing before use, can minimize the 
plateau slope. For most hydride applications a near-zero plateau slope is highly 
required. 
The difference between absorption and desorption PCT curves is commonly 
observed in the PCT diagram. This difference is usually called hysteresis, which is 
largely due to non-equilibrium conditions. However the hysteresis can also be caused by 
irreversible elastic effect. The adsorbed hydrogen in the metal lattice is generally 
accompanied by an expansion of the lattice. The deformation of the lattice requires a 
certain amount of energy, which is not entirely recovered when the lattice shrinks 
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during desorption. The disordered or strained phase formed on absorption thus has a 
lower equilibrium pressure during desorption. In almost all practical cases minimum 
hysteresis is desirable. 
In Fig. 2.13 (Esayed 2000), the hysteresis phenomenon is clearly observed in 
the PCT measurement for the Nbl_,, Crr-H system, involving the hydrogen absorption 
and desorption at 320K for the Nbl_,, Cr,, alloys with x= 0.03,0.05 and 0.1. The 
hysteresis effect decreases with increasing amount of Nb. Hysteresis is a very important 
property in relation to hydride device design. It can vary markedly from system to 
system. Past research (Esayed and Northwood 1992a, b; Qian and Northwood 1988) 
show that in some alloy systems, the degree of hysteresis is highly dependent on the 
alloy composition, while in other systems the hysteresis is almost constant over a range 
of alloy compositions. It is also expected that after a few cycles of 
absorption/desorption, the metal should be broken up and sufficiently dispersed, and the 
resulting absorption plateau pressure should decrease, close to the desorption plateau 
pressure, reducing the hysteresis (Libowitz 1965, p. 85). In other words, the defects or 
strain introduced during cycling or milling can lower the plateau pressure of hydrogen 
absorption, which has been described in Section 2.2.2.1, and further decrease the 
hysteresis. 
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Fig. 2.12 A hypothetical PCT diagram showing 
hydrogen absorption and desorption processes 
(Sandrock et al. 1992) 
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Fig. 2.13 A PCT diagram for the NbI.,, Cr,, -H 
system. Filled symbols correspond to 
absorption data and open symbols to desorption 
data, T= 320K (courtesy of Esayed 2000). 
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2.2.3. Kinetics of hydrogen absorption and desorption 
Kinetics of a hydrogen-metal system is one of the fundamental factors that 
determine whether a hydrogen storage system can realise the widespread practical 
application. The kinetics of most metal hydrides is not related to their equilibrium 
thermodynamic parameters. For example, the plateau pressure of Mgl I, is very low at 
room temperature (- 10-4 bar at room temperature; I bar at about 280°C). Therelbrc, 
thermodynamically the hydride should form readily at room temperature. However, this 
never occurs in practice because of kinetic limitation. So the kinetic properties of a 
hydride are essential for realising widespread applications of the material in the 
industrial world. It is important to understand the mechanisms governing the kinetic 
properties in order to modify efficiently the materials and meet industrial requirements. 
2.2.3.1 Mechanism of hydrogen absorption and desorption 
The absorption and desorption of 
hydrogen by a metal involve some 
important steps. The process of hydrogen 
absorption into a crystalline metal can be 
presented schematically in Fig. 2.14. The 
steps include (Schlapbach 1988): 
Hz (gas) H2 (surface) => ?H 
H (entering surface) 4 
[H] (hydride formation at surface) 
[H] (hydride formation in bulk) 
H2 Gas 
4 
ýO 
Metal 
Fig. 2.14 Schematic of hydrogen ahsorption 
in a metal lattice (courtesy of' SchiapbacIi 
1988). 
The transport and adsorption of hydrogen molecules onto the metal surface, 
The dissociation of molecular hydrogen into atomic hydrogen at the surface, 
" Migration of atomic hydrogen through the surface layer, 
" Diffusion of atomic hydrogen through the crystal lattice, and 
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" The nucleation and growth of the hydride phase at the surface and in the metal 
lattice. 
Desorption of hydrogen can be regarded as the reverse process. The controlling factor of 
intrinsic kinetics is the slowest mechanism. Any one of these steps may be the slowest 
mechanism, and therefore any one of them could become the rate-controlling step. 
Generally speaking, it is assumed that only one of the above steps has a rate slow 
enough, compared to the others, to control the whole reaction. However, for most of the 
hydrogen-metal system, it is very difficult to clarify the true rate-determining 
mechanism. The major aims of kinetic studies are to identify the regulating steps and 
the ways of speeding up the kinetics. 
2.2.3.2 General properties from kinetic curves 
The most common method of evaluating the kinetics of a material is simply to 
measure the concentration of hydrogen absorbed or desorbed versus time at one or 
various constant pressures and temperatures - the kinetic curves. The curves also 
illustrate temperature dependence of both the formation and decomposition reactions of 
a hydride. 
However, the kinetic curves obtained from the measurement are dependent on 
different material properties and device conditions. Consequently, the kinetic curves for 
the same material may vary from sample to sample and from laboratory to laboratory. 
The main factors that may cause the discrepancy are: 1) the quantity of the sample, 2) 
the sample shape and its porosity, 3) the thermal conductivity of the hydrogenated 
phase, 4) the thermal contact of the sample with the sample holder, 5) the size 
distributions and shape of particles, 6) the applied hydrogen over-pressure (or under- 
pressure for desorption) relative to the plateau pressure, and 7) the purity of the 
atmosphere. These make the kinetic analysis quite complicated. In order to compare the 
kinetics of different materials, and obtain correct results, it is necessary to conduct the 
experiments at the same conditions. Hence, comparison between kinetics was only 
made for samples prepared and measured under identical conditions. 
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In the actual experiments, if the measurements are made at different 
temperatures for the same material, the total amount of hydrogen absorbed or desorbed 
are usually the same when the hydriding or dehydriding reactions are complete. 
However, the kinetics is highly dependent on the temperature. Fig. 2.15 demonstrates 
this phenomenon in the dehydriding kinetic curves. In this figure, Tl>T2>T3, the total 
hydrogen content is nearly the same 2. Owt% for different temperatures, but the curve 
obtained at Tl shows the fastest kinetics for hydrogen desorption. In other words, the 
operating temperature of a metal hydride depends not only on the plateau pressure in 
thermodynamic equilibrium but also on the overall reaction kinetics. 
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Fig. 2.15 Hypothetical desorption kinetic curves obtained at three deferent temperatures with 
the same hydrogen concentration. 
In the analyses of kinetic curves, two types of information are important (Gerard 
and Ono 1992): firstly the quantitative information from the average 
absorption/desorption rate or the rate constant ke (obtained from the slope of a kinetic 
curve f (e) = ket, where c is the transformed fraction against time at a given temperature 
and t- the sorption time); and secondly the qualitative information from the shape of 
the curve. The average absorption/desorption rate can be defined as the capacity at 95% 
of the full capacity divided by the time required to reach this capacity. However, it is 
possible to obtain the same average rate, but experience very different kinetics, as 
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schematically illustrated at the point A in Fig. 2.16. Therefore, it is necessary to 
compare the shapes of the kinetic curves in order to evaluate the kinetic properties of 
the materials more fully. 
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Fig. 2.16 Hypothetical kinetic curves, showing three different kinetic behaviours with 
the same average rates at t95%. 
Boldyrev (Boldyrev et al. 1979) classified the kinetic curves into two limiting 
types. The first exhibits a sigmoid shape and occurs if the nucleation and growth 
process is slow, Fig. 2.17 a. The rate constant K. is obtained from the slope of the quasi- 
linear section. The second type has a slope that decreases as time increases, Fig. 2.17b, 
which is the typical kinetic curve for the case where the reaction precedes on the entire 
surface of all reactant particles. The initial slope produces the rate constant at the 
interface with the initial surface area. 
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Fig. 2.17 Two limiting types of kinetic curves for: (a) reactions involving slow nucleation and 
growth of nuclei; and (b) the reactions proceeding evenly on the entire surface of all reactant 
particles (courtesy of Gerard and Ono 1992). 
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2.2.3.3 Surface interaction and activation 
Hydrogen adsorbed on a solid metal surface relies on either a weak van der 
Waals type physisorpiton of molecular hydrogen, or chemisorption of atomic hydrogen. 
The trapped molecular hydrogen, however, will not adhere, chemisorb or diffuse into 
the bulk instantaneously. Only atomic hydrogen at the surface is ready to be further 
absorbed into the host metal. An understanding of the surface properties and the 
adsorption of H on that surface requires a description of the structural properties, the 
electronic properties and the dynamics of hydrogen at the surfaces, all of which 
influence further absorption/desorption of hydrogen in/from the metal. 
Structural relaxation and chemical segregation are typical phenomina at a 
surface. Very often the interatomic spacing in the top atomic layer differs from that 
deep in the bulk, without noticeable change in the lateral symmetry. This effect is called 
surface relaxation. Chemisorbed H does not necessarily occupy sites on top of the first 
layer of metal atoms, but also sites below the top layer. The subsurface H layer is 
generally accompanied by a strong surface reconstruction and hydride formation, which 
is considered as an intermediate stage between adsorbed H and bulk hydride formation 
(Schlapbach 1992). Two special forms of surface segregation have been observed in 
binary and ternary hydrides and in H solid-solution phases: first, the hydrogen-to-metal 
ratio at the surface or near-surface region differs from that in the bulk, e. g. Nb and Pd 
are known to have strongly enhanced near-surface solubility for H (Pick et al. 1982; 
Wicke 1985); second, the presence of hydrogen in an intermetallic compound or alloy 
may induce redistribution of the surface metal atoms and affect the surface composition. 
The dynamics of hydrogen at the surface includes: sticking, vibration and 
migration. These are determined by the surface characteristics of a host metal, and 
significantly affect the overall kinetics of hydrogen uptake in absorption or of 
recombination of H atoms in desorption. For clear identification of surface dynamics, 
the following factors should be taken into account: the sticking probability (dependence 
on temperature, crystalline orientation and pre-coverage), surface migration to 
subsurface and bulk, angular and velocity distributions of the desorbed hydrogen, and 
the effect of the surface steps on the overall kinetics of the systems. 
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The surface properties described above represent a clean metal surface. In 
reality, other surface reactions always occur at the metal surface, which influence the 
surface properties and hence the kinetics of the hydrogen-metal system. Firstly, metal 
surfaces are generally covered by a thin oxide layer, which inhibits the dissociation 
reaction and the diffusion of atomic hydrogen into the bulk. Moreover, the reactive or 
activated surface may be poisoned by the adsorption of SO2, CO and H2S, leading to 
undesirable reactions. Secondly, the formation of surface hydrides may create a 
diffusion barrier blocking further transport of atomic hydrogen into the bulk. 
The poor hydrogen absorption/desorption kinetics of Mg is typically 
acknowledged to be the result of the above two phenomena. Magnesium oxide forms 
readily on Mg surfaces exposed to air. The oxide at the Mg surface plays a dual role. On 
the one hand, discontinuous oxide of small quantity helps the nucleation of magnesium 
hydride (Hhjort et al. 1996); on the other hand, it passivates the metal surface 
completely when the oxide layer becomes thick and compact. Magnesium hydride 
grows quickly at the metal surface when hydrogen pressure is well above the 
equilibrium value, forming a nearly uniform surface hydride layer. The kinetics is 
eventually limited by the diffusion of hydrogen through this product layer. 
To avoid the drawbacks of surface passivation of hydrogen-metal systems, an 
activation process is needed to make the surface reactive again. Most common 
approaches of surface activation are summarised below (Schlapbach 1992): 
a) Mechanical or chemical (etching) surface cleaning to break or remove the oxide 
layer at room temperature; 
b) Annealing the materials to a relatively high temperature (depend on the materials) 
under alternating flowing H2 gas and vacuum, to break up the contaminating layer 
by hydride formation in the underlying host metal; 
c) Chemical reduction of surface contaminants; 
d) Evaporation/volatilisation of surface contaminants; 
e) Formation of specific H-absorption near-surface compounds from the host metal; 
and 
J) Surface segregation with selective oxidation and the formation of non-oxidizing 
surface species accessible to H2 (some additives). 
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Normally, the activation of Mg requires several cycles of annealing at 400°C in 
vacuum and in hydrogen, followed by annealing for several hours at 400°C in vacuum 
(Liang et al. 1995). The annealing causes cracking of the oxide layer at the Mg surface 
due to different thermal expansion coefficients of Mg and Mg oxide at high 
temperature. In addition, magnesium hydroxide on the surface will decompose when 
annealing at temperature over 350°C. 
Further details of surface modification of the H-Mg system to improve the 
kinetics are reviewed in a later part of the Mg-based hydrogen storage materials. From a 
technological point of view, surface properties of a hydrogen-metal system are rather 
important for practical applications. Further experiments on surface characterisation and 
modification will be of central importance to develop hydrogen storage materials. 
2.2.3.4. Methods of improving the kinetics 
The properties of a specific material have a large effect on the kinetic behaviour 
of the materials. Therefore by altering these material properties, the kinetics could be 
improved to some extent. As the mechanisms of hydrogen absorption/desorption are 
known, the factors that control the rate of hydrogen absorption/desorption may be 
summarised in the following (Zaluski et al. 1997): 
Q The rate of hydrogen molecular dissociation at the surface, or hydrogen atomic 
recombination into molecules on the surface; 
Q The capability of hydrogen to penetrate the surface, which is typically covered 
by an oxide layer; and 
o The mobility of hydrogen in the bulk of the metal and the rate of hydrogen 
diffusion through the hydride already formed. 
Based on the factors described above, there are four possible ways of manipulating 
materials properties to improve the kinetics, which have been confirmed by experiment, 
as described below. 
(a) Surface catalysis - This is achieved by introducing other elements as 
catalysts into the original metal in order to alter the surface properties. The efficiency of 
the catalyst is determined by its ability to enhance the dissociation of hydrogen 
58 
Chapter 2- Overview o/ hY(lroge/t storage materials 
molecules into atomic hydrogen and the `flood' of the atomic hydrogen on the surl. icc 
of hydrogen storage material. Therefore, rapid diffusion paths are created, and the 
sorption process becomes insensitive to the surface oxide layer. It has been reported that 
a metal surface fully covered by a layer of the catalyst is much more active for hydrogen 
sorption (Stillesjö et al. 1993; Uchida el a!. 1991, Zaluski e/ a!. 1995a). Figs. 2.18a and 
b shows an SEM micrograph of Pd and a TEM micrograph of Fe as a catalyst sitting on 
the surface of Mg to enhance the hydrogen sorption kinetics of' Mg (Zaluska el (1!. 
1999a). Hydrogen absorption in this case is very fast even at room temperature. The 
same observation can be found in the mechanically milled Mg2Ni with I'd as a catalyst 
(Zaluski et al. 1995a). Different hydrogen storage materials have different catalysts that 
are most efficient. Details about catalysts for Mg-based hydrogen storage materials are 
reviewed further in Section 2.4.3. 
f^I 
Fig. 2.18 An SEM micrograph of Pd (a) and a TEM micrograph of I, 'e (b), as a catalyst dispersed on 
the surface of Mg (courtesy of Zaluska et al. 1999a). 
(b) Grain-boundary enhanced diffusion - This is realised by simply reducing 
the average particle size (hence grain size) to increase the surface-to-volume ratio in 
powder particles and the number of grain boundaries in the materials. This method is 
efficient for materials of which the surface hydriding is dominant. The benefit of' this 
method can be clearly seen in the case of nanocrystalline materials by hall-milling, 
possibly with special surface defects and imperfections (Aoyagi ct at. 1995; LO ci ill. 
1993). 
Very small grain sizes in the nanostructural materials increase the nunther of 
grain boundaries. A large number of grain boundaries may initially act as hydrogen 
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traps for very small levels of hydrogen. However, it should be noted that for a high 
content of hydrogen, the hydrogenation begins with filling of the easily accessible sites 
at the disordered grain boundaries (Stuhr et al. 1995). This leads to easier access of 
hydrogen atoms into the grain, by avoiding long-range diffusion of hydrogen through 
the already formed hydride phase. It has been shown by Kirchweim et al. (Kirchheim et 
al. 1988) that diffusion coefficient of hydrogen in nanocrystalline palladium is higher 
than that for single-crystalline palladium. 
Moreover, the large surface-to-volume ratio in the fine powder due to the 
formation of nano-sized particles enhanced the chemisorption of hydrogen on the 
surface and the accessibility of the material to hydrogen penetration. Zaluski (Zaluski et 
al. 1995a) has demonstrated that polycrystalline Mg2Ni exhibits almost no absorption at 
200°C, but the nanocrystalline counterpart absorbs hydrogen at this temperature with 
rapid kinetics. Liang et al. compared the hydrogen sorption kinetics of some 
nanocrystalline alloys or mixtures with corresponding polycrystalline materials (Liang 
et al. 2002). All the nanocrystalline materials show better hydrogen 
absorption/desorption kinetics than their large-grained counterparts. Fig. 2.19 presents 
the desorption curves of various nano-/poly- crystalline materials to prove the case. 
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Fig. 2.19 Hydrogen desorption curves of various poly-/nano-crystalline 
materials (courtesy of Liang et at 2002). 
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(c) Phase-boundary enhanced diffusion - This refers to the introduction of' a 
large quantity of interfaces between different phases to promote diffusion through inter- 
phase boundaries. There are three methods of producing intimate contact: 
" Mechanically milling a mixture of phases together, 
" Vapour deposition of a thin coating onto another material (hopefully the coating is 
also a catalyst); and 
" Solid-state disproportional hydrogenation reaction of a material. 
Fig. 2.20 shows an example of MgH2 as a thin film distributed on the surläce of 
the additive particles, La(Nio, 7Fe0.3)5, forming an interface between two different phases, 
which show enhanced desorption kinetics (Reule et al. 2000). Mgl12 was mechanically 
alloyed with the metallic additive La (Nio. 7Fe0.3)5 for 14 hours under Ar atmosphere, the 
desorption spectra (Fig. 2.21) for the maximum H desorption rate was at about 500K, 
while this was about 720K for pure MgH2 powder. This mixture showed all 
improvement of the H desorption kinetics, which exceeds by far the improvement 
achieved by ball milling of pure MgH2. 
o '" 
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Fig. 2.20 An SEM photograph of 
MgH_+La(Nio7Feo3)5 powder particles 
mechanically milled for 14 hours, noting the 
dark grey MgH2 rim around La(N io 7Feo a)5 
particles (courtesy of Reule et al. 2000). 
Fig. 2.21 H desorption rate in vacuum versus 
temperature for unmilled MgI I. (solid line), Mpg! I, 
+ La(Nio7Feo)s milled for I hour (dashed line), 3 
hours (dash-dotted line), 14 hours (dotted line) by 
Gas Chromatograph (heating rate 3k min") 
(courtesy of Reule el al. 2000). 
Von Zeppelin et al. (Zeppelin et al. 2002) deposited palladium on MgI I, powder 
with an ion-beam sputtering device utilizing a filamentless RF-induced ion gun, and 
then the powder was mechanically milled under a hydrogen atmosphere of II har ti)r 5 
hours. A large MgH2-additive interface area (per unit volume) was produced in this 
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process, and the finely dispersed Mg-based hydrogen storage material showed excellent 
desorption kinetics around 500K. Moreover, Higuchi et al. (Higuchi et al. 1999) 
prepared Pd/Mg films by coating Mg films with a Pd layer on a glass substrate using 
magnetron sputtering at room temperature. Hydriding-dehydriding cycles in the Pd/Mg 
films with the lowest degree of crystallised Mg can be reproduced at a temperature 
lower than 473K with relatively rapid kinetics. 
For the disproportional reaction upon hydriding, it was found that the rate of 
hydrogenation increases with the area of interface between the metal and the hydride 
(Wiche et al. 1961). The hydride phase actually acts as a medium for hydrogen transfer. 
However, this method is not available for the systems in which a dense layer of hydride 
coats the metal particles during hydrogenation, e. g. the Mg-H system. 
(d) Surface-imperfection enhanced hydrogen uptake - This is achieved by 
crack formation due to different lattice expansions upon hydriding/dehydriding, which 
will create clean metal surfaces (oxygen-free surfaces) for rapid hydrogen absorption. 
The hydrogen absorbing metals generally have surfaces, passivated by oxygen or other 
poisoning gases, such as SOZ, CO and H2S, as mentioned before. Surface activation of 
the material is usually conducted by annealing the materials at a relatively high 
temperature in alternating vacuum and hydrogen for several cycles to crack the surface 
oxides or reduce contaminants. The clean surface without such surface contamination, 
introduced from the cracks, should promote hydrogen absorption kinetics. This 
technique has been applied in many hydrogen-metal systems. It is also worth 
mentioning that the cracks can be produced in large quantities by high-energy 
mechanical milling. 
Apart from these four methods, the ways of surface activation, as mentioned in 
Section 2.2.3.3, have a great effect not only on the initiation of the hydrogen absorption 
and desorption, but also on the improvement of absorption/desorption kinetics. Further 
attention should be paid to the surface modifications of hydrogen-metal systems for 
kinetic improvement. Moreover, a certain level of kinetic improvement can also be 
obtained by introducing a heat-transfer medium in the form of binders, wires or foams 
(typically made from Al or Cu) into the hydride container. 
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2.2.4. Hydrogen storage capacity 
Once hydrogen is stored in a metal, it is important to know how much hydrogen 
the host metal could store. The capacity of hydrogen storage shows the hydrogen 
storage density, which is usually presented by four terms: 
9H atm/f. u. - The number of absorbed H atoms per unit metal or alloy formula; 
"H atm/cm3 - The number of stored H atoms per unit volume of the medium; 
" wt% - Amount of hydrogen per unit weight of the medium; and 
" g/cm3 - Hydrogen storage density. 
Hydrogen storage capacity depends on many factors, such as the number of 
available interstitial sites in the crystal structure, the size of the interstitial sites, the 
distance between two adjacent interstitial sites and the attraction of the interstitial sites, 
etc. The theoretical hydrogen storage capacities for a metal or alloy with a known 
hydride formula can be simply defined by calculating the atomic weight percentage of 
hydrogen in one unit formula. In actual experiments, reversible hydrogen storage 
capacity can be determined from the p-c isotherms. As seen from Fig. 2.12 in Section 
2.2.2.3, the reversible capacity d(H/M), Qto is approximately the plateau width AB. 
Although the reversible capacities can be defined in such a way, the actual capacities for 
cyclic systems (heat pumps, heat engines, etc. ) really depend on the performance and 
efficiency of a system. Normally, the important parameters are the available hydrogen 
content or transferable hydrogen during experiment, in relation to the actual working 
environment. 
Here is an example demonstrating reversible and irreversible hydrogen 
capacities during the hydrogenation-dehydrogenation cycles at different testing 
conditions (Bogdanovic et al. 1999). In Fig. 2.22, the cycling test comprises 650 cycles 
performed on mechanically milled Ni-doped (4wt%) Mg powder. The test was divided 
into five sections. For Sections 1,3 and 5, standard cycling conditions (scc) were 
applied with 200 (or more) dehydrogenation-hydrogenation cycles under unchanged 
conditions by alternating the external (oven) temperature between 300°C and 400°C 
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once every 45 minutes for dehydrogenation and 45 or 135 minutes for hydrogenation; 
the H2 pressure varies thereby between 9 and 5 bar. For Section 2, the dehydrogenation 
temperature was increased (480°C), and for Section 4, both the dehydrogenation 
temperature and pressure were increased (480°C/45 bar). As we can see here, under scc 
the material exhibits an excellent cycling stability without changing the original 
capacity (Section 1). Raising the dehydrogenation temperature (Section 2) decreases the 
storage capacity. By returning to scc (Section 3), the cycling stability can be restored 
but at a slightly lower hydrogen capacity. After both the temperature and pressure of 
dehydrogenation have been raised considerably (Section 4), the capacity was reduced 
continuously during cycling. The return to scc (Section 5) brings about a rapid recovery 
of storage capacity but now at a considerably lower level. This kind of test is very 
meaningful for research in rechargeable NiMH batteries. Identifying the true capacity 
and its stability of a hydrogen-metal system in an actual environment is of great 
importance for practical applications of the materials. 
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Fig. 2.22 A 700 cycle test performed on mechanically milled Ni-doped (4wt%) Mg powder, 
showing reversible and irreversible hydrogen capacity losses. 
So far, the important properties of hydrogen in metals have been reviewed, 
which are essential for research into hydrogen storage materials, and for understanding 
the results in this thesis. Table 2.4 compares the theoretical hydrogen capacities, 
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equilibrium conditions, heat of formation, activation conditions and kinetics of some 
selected hydrogen-metal systems. The properties of a desirable hydrogen storage 
material have been described in the Introduction of the thesis. 
Table 2.4 Characteristics of some selected hydrogen storage materials. 
Material Hydride Capacity 
(wt%) 
Equilibrium 
Pressure/ 
temperature 
(atm / °C) 
Heat of 
formation 
(kJ/mol H2) 
Activation 
conditions Kinetics Cost 
Zr ZrH2 2.14 P=1/T=881 -162.6 Average. fast at high high 
needs high temperature 
purity H2 
Ti TiH2 4.01 P=1/T=643 -123.7 Average, heat average low 
up to 400-600°C 
V VH2 3.78 P=1/T=20 -54 Very difficult fast at high high 
temperature 
Y YH2 2.20 - -183.9 - - very 
YH3 3.26 - -69.0 - - high 
Mg MgH2 7.60 P=1/T=295 -75.2 350°C, 30atm very slow low 
for 30 hours 
FeTi FeTiH_2 1.89 P=1/T=0 -24.7 400°C, 10atm very fast very 
for 10-20 hour low 
LaNi5 LaNi5H6 1.37 P=1IT=10 -31.8 25°C, l0atm for fast high 
1 hour 
ZrCr2 ZrCr2H3.4 1.71 P=1/T=166 -45.2 Heat to 500°C in very fast average 
vacuum 
TiCrl. g TiCr1.8H3. s 2.4 P=1/T=-91 -20.2 Difficult - low 
Mg2Ni Mg2NiH4 3.59 P=1/T=253 -64.5 Difficult slow average 
Mg2Cu MgH2 + 1.44 P=1/r=290 -66.0 Difficult slow low 
Mg2Cu 
ZrNi ZrNiH3 1.96 P=1/T=292 -76.8 Easy fast high 
NaAIH4 *NaAIH4 3.7 T=185 -- very slow low 
Na3AIH6 1.85 T=260 -- 
NaH 1.85 T=425 -- 
(desorption) 
SWNT Depend on 8.4" P=0.75/ -- - very 
purity T=-191 high 
Li3N 1. Li2NH+LiH Total: P =0.5/T=230 -66.1 for - very fast high 2. LiNH2+2LiH 9.3 P=1.5/T=255 Li2NH 
* Decomposition in three steps, see section 2.1 
Measured value 
(Note: The table is based on information from most of the references in Chapter 1 and 2 of the thesis) 
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2.3 Materials for Specific Applications 
Many attempts have been made to identify an ideal hydride that meets all the 
desirable storage properties, so far without much success. The present research effort on 
hydrogen storage in metals has been rekindled by a strong international drive in clean 
energy utilisation for vehicular applications. The following part of the review covers the 
specific applications that are either commercially available today, or going through the 
proto-type stage, or only a working concept. 
2.3.1 Hydrogen storage unit 
Small portable hydride storage units are now available commercially and are 
successfully used in several applications. The first hydride storage unit was marketed as 
early as 1976 by the Billings Energy Corporation (Kelly and Hagler 1980). Currently, 
small hydride storage units are commercially manufactured from ERGENICS. Inc. 
(Web03, ERGENICS, Inc. USA). These have safe and volumetric advantages and also 
provide super-pure hydrogen from hydride desorption. However, the units need an 
internal or an external heat exchanger for hydrogen release. Some examples of storage 
units made by ECD Ovonics, are shown in Fig. 2.23. Sandrock et al have summarized 
most of large (>100kg hydride) prototype storage units and their basic parameters in 
Table 2.5. 
I KWh Table 2.5 Summary of large stationary hydride storage 
units (Sandrock et a!. 1992, Table 5.4a). 
Vessels 
Designation 
Storage 
compound 
Working 
Pressure 
IMPal 
Heat 
exchange 
PSE&G (BNL) 'I'i(Fe, Mn) 3.4 Inter. 11,0 
VPTLJ-2 (IINI. ) Ti(Fe, Mn) 3.4 Inter. 11; 0 
CEN Grenoble I'iFe 3.0 Inter. 11,0 
BEC Homestead I'i(Ne, Mn) 3.4 Ext. 11,0 
GIRI Osaka MmNi4 SMn s 0.8 Inter. 11,0 
Iwatani Mm(Ni, X)s - I? xt. Air 
Mannesmann GC AB, type 5.0 ('? ) I'xt. 11,0 
Kawasaki K-31) 1, aNi. t5A1, ), 2.9 Inter. 11,0 
Fig. 2.23 Small portable Ovonic hydride storage 
units (courtesy of Web04, ECD Ovonics). 
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2.3.2 Hydrogen storage tank for fuel cells and ICEs 
A fuel cell is based on the electrochemical reaction between hydrogen and 
oxygen to produce electricity, as well as water and heat, to power automobiles and 
buildings. The car industry intends to manufacture fuel cell powered vehicles that emit 
nothing but water vapour. City buses, government vehicles and delivery trucks would be 
the starting point because all the vehicles return to one place every day, only one 
refuelling station would be needed for each fleet. The first prototype hydrogen powered 
bus is running in the city of Erlangen (Germany) with both fuel cells using liquid and 
pressurized hydrogen and combustion engines (Guther and Otto 1999). Several car 
manufacturers, including General Motors and DaimlerChrysler, are now working with 
Ballard Power Systems (a fuel cell producer) in Burnaby, near Vancouver, to develop 
vehicles that are powered by fuel cells, as shown in Figs. 2.24a and b. Fig. 2.24c 
presents a space shuttle in which stored hydrogen and oxygen are supplied for "fuel cell 
membranes" to produce electricity. The by-products of this electrochemical exchange 
are only heat and pure water. 
(a) (h) (c) 
Fig. 2.24 Hydrogen fuel cells for vehicles and space shuttles: (a) 2nd generation fuel cell transit buses in 
Chicago (courtesy of Web05, Ballard Power System), (b) NECAR 4 hydrogen fuel cell passenger car 
(courtesy of Web05, DaimlerChrysler); and (c) space shuttle (courtesy of Web06, National Hydrogen 
Association, USA). 
Therefore, for future clean energy development, there is an increasing demand 
for hydrogen supplying systems. If the main technical advantages of the metal hydride 
storage tank (high volumetric energy density) can be used, there are opportunities for 
niche market applications as soon as the high power fuel cell technology is ready for 
commercialisation. 
67 
Chapter 2 Overview of hydrogen storage materials 
Fuel cell/metal hydride systems can also 
power laptop computers with a high energy 
density. A Siemens Nixdorf laptop computer was 
demonstrated at the Hannover Fair 1998, which 
was powered by a laboratory PEM fuel cell and a 
commercial metal hydride tank SL002 (GfE 
Metalle und Materialien GmbH, Germany), see 
Fig. 2.25 The total energy density of the system 
is 222 Wh/l. higher than the related Li-ion 
battery, 181 Wh/l. It is expected that the final 
energy density of the fuel cell/metal hydride system will be increased to about 500Wh/1 
in the near future (Guther and Otto 1999). Moreover, a small mini fan powered by an 
SL002 metal hydride tank and a 100mW PEM fuel cell is able to run continuously for 
10 days without charging the metal hydride tank. 
Metal hydrides can also be used as a carrier of hydrogen fuels to power directly 
internal combustion engines (ICES) for motor vehicles. Fig. 2.26 shows a schematic 
flow diagram for a hydrogen engine. It was not completely practical because the heat 
produced from the exhausted gas of an internal combustion engine is insufficient to 
dissociate Mg-based hydrides at the necessary rate to fuel the engine. 
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Fig. 2.26 A schematic flow diagram for a hydrogen engine (courtesy of 
Sandrock e[ al. 1992). 
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Fig. 2.25 A Siemens Nixdorf laptop 
computer powered by PEM fuel cell and a 
commercial metal hydride tank SL002, 
(courtesy of web07, University of Oslo). 
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Some industrialists favour the electric vehicles powered by fuel cells or 
combined fuel cells with a conventional petrol engine (a hybrid electric vehicle). 
Whereas, others favour more radical design approaches for car engines to run on 
hydrogen directly without using petrol. Modified prototypes of hydrogen Internal 
Combustion Engines (ICEs) may use hydrogen less efficiently than fuel cells, but their 
performance can be improved by using a "hybrid" hydrogen-powered engine that also 
uses battery power (Schrope 2001). Both Ford and BMW have developed vehicles that 
use hydrogen to power modified ICEs, as shown in Fig. 2.27 There are hydrogen fuel 
tanks feeding the converted ICEs. If a desirable metal hydride is added into the tank 
(pure metal hydride or a mixture of hydrogen and a metal hydride), storage density will 
be highly increased. Hydrogen releases from the hydride when heated, allowing 
controlled fuel flow. 
Fig. 2.27 A prototype hydrogen-powered vehicle from BMW refuels and hydrogen fuel tanks 
feed a converted internal combustion engine (courtesy of Schrope 2001) 
2.3.3 Heat storage, heat pumps and refrigerators 
Hydrogen absorption and desorption are exothermic and endothermic 
respectively, associated with substantial heat transfer. This property can be used for the 
heat storage of solar energy systems. The heat required for the dissociation of a metal 
hydride is supplied by the solar energy in daytime, and hydrogen is stored in the gas 
phase. Then at night, the hydrogen is exothermically rehydrided to produce heat for 
utilities. Since 1989, a solar-thermal system has been under development in a joint 
project among the Max-Planck-Institute of Kohlenforschung and Strahlenchemie, 
Bomin Solar GmbH & CoKG, and the Institute of Kerntechnik and Energiewandlung 
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(Wierse et al. 1991). The storage medium was MgH2/Mg, since it has a rather high 
reaction enthalpy of 75 id/mole H2. This system can be used for heat storage. 
A hydride heat storage system for vehicles has been developed by Daimier- 
Benz. The system was designed to provide immediate heat for the engine and passenger 
compartment by the release of hydrogen from a low temperature (high pressure) hydride 
bed into a previously dehydrided high temperature (low pressure) hydride bed, thus 
producing heat when the vehicle is cold (Buchner and Säufferer 1980). 
Heat pumps and refrigerators are other important applications of metal hydrides. 
The operation principle is also based on the heat transfer during hydriding/dehydriding 
reactions: by transferring H2 back and forth between two hydride beds (identical or 
different) in a closed thermodynamic system, the enthalpy changes of the cyclic 
exothermic hydriding and endothermic dehydriding can be used to produce heating or 
cooling, e. g. in a two-stage metal hydride heat transformer (Isselhorst 1995; Werner and 
Groll 1991). Fig. 2.28 shows the operation cycle of the typical system, illustrated by 
using the schematic Van't Hoff diagrams. For heat pump, the cycles are ABA through 
mechanically driven hydrides in "a" (Fig. 2.28a) and ABCDA through thermally driven 
hydrides in "b" (Fig. 2.28b) (Sandrock et al. 1992). The thermally driven hydride 
refrigerator is exactly the opposite of the temperature upgrading cycle in Fig. 2.28 b. 
Such a cycle is particularly useful for solar-driven air-conditioning or the conversion of 
industrial waste heat to chill water. 
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Fig. 2.28 Principles of hydride heat pumps: (a) mechanically driven pump using two beds of the same 
intermetallic hydride former coupled by a mechanical compressor; and (b) the thermally driven, 
temperature-upgrading pump using two different intermetallic hydride formers (courtesy of Sandrock et 
at 1992). 
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Fig. 2.29 shows the reaction bed of a metal hydride sorption heat pump or 
refrigerator system designed by the Institute of Kernenergetik and Energiesysteme 
(IKE), Germany. It consists of two stainless-steel cylindrical tubes. The hydride powder 
(LmNi4.91Sn015, La-Ni alloys and/or other metal hydrides, depending on different 
systems) used in each reactor is contained in aluminium-foam cylinders to improve the 
heat conduction. It can release heat at a temperature of 125°C and generate cooling 
down to 2°C (Klein and Groll 2001). Combining the applications of heat storage, heat 
pump and refrigeration, a thermochemical system for the storage of solar heat has been 
developed by Kleinwächter et al, as shown in Fig. 2.30 (Bogdanovic et al. 1989; 
kleinwächter et al. 1988). The system is based on reactive MgH2 powder. Solar heat is 
captured by a fixed-focus solar mirror in daytime and transferred to the metal hydride 
storage unit, which therefore produces heat, cooling and, with the help of a Stirling 
engine, also electricity during the hydrogenation/dehydrogenation of the hydrogen 
storage metal. 
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Fig. 2.29 The reaction bed of a metal hydride Fig. 2.30 A solar-hydride system incorporating heat 
sorption heat pump/refrigerator system containing storage, refrigeration and power generation: a) 
an Aluminium-foam cylinder (courtesy of Klein Power-station daytime operation; and b) Power- 
and Groll 2001). station night operation (courtesy of Sandrock e[ al. 
1992). 
2.3.4 Rechargeable NiMH batteries 
The nickel metal hydride battery (NiMI I) has a nominal voltage of 1.2V, storing 
hydrogen as a reaction product in a solid-state hydride phase. The operation of a NiMH 
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battery is schematically presented in Fig. 2.31, (Notten and Einerhand 1991). The 
hydrogen storage material, MH, is the negative electrode, the Nickel hydroxide, 
Ni(OH)2, positive electrode. The electrodes are electrically insulated from each other by 
a separator. Both separator and electrodes are immersed in an alkaline solution, which 
provides the ionic conductivity between the two electrodes. During charging, the 
Ni(OH)2 electrode is oxidized and the MH electrode is reduced. The hydrogen ion reacts 
with the metal at the negative electrode to form MH, while the hydroxyl ion with 
Ni(OH)2 at the positive electrode to form nickel oxyhydroxide (NiOOH). The discharge 
is the reverse process. Electrons are transferred between the electrodes via. a circuit. 
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electrode 
M 
H2O 
charge 
discharge 
MH 
OH- 
Positive nickel 
electrode 
Ni(OH)2 
OH- 
NiOOH 
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i -i- 
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Fig. 2.31 Schematic operation of a NiMH battery 
NiMH batteries are most attractive and promising for the widespread 
development of battery-powered electric vehicles, compared to other batteries such as 
Lead Acid and Nickel-Cadmium (Ni-Cd). Lead acid batteries are heavy and largely 
used for EVs; Ni-Cd batteries contain the toxic heavy metal Cd and are not a totally 
sealed system; while NiMH batteries are lighter in weight, more energy efficient, of a 
longer life, totally sealed and maintenance-free. So far, conventional NiMH batteries 
use the AB; -type (e. g. LaNi; ) alloy as the negative electrode. More recently, Ovonic 
Battery Company, a subsidiary of Energy Conversion Devices in the U. S., has 
developed a new type of NiMH battery, Ovonic NiMH battery with energy density 
between 50-70 Wh/kg, double the Pb-acid, and over a million cycles. The basic Ovonic 
MH electrode mainly contains V, Ti, Zr, Ni and Cr elements, such as the alloy of 
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Vi; Ti15Zr21Ni31Cr6Co6Fe6 (Ovshinsky el al. 1993). The NiMH batteries have been 
widely used in many areas (Fig. 2.32). 
Finally, a metal hydride has also been proposed as a storage electrode for solid 
electrolyte fuel cells (Folonari et al. 1980). 
Fig. 2.32 NiMH batteries are for electric cars, buses, motorbikes and mobile phones (courtesy of 
Web 04, ECD Ovonics). 
2.3.5 Switchable mirror 
As introduced in the historical study of hydrogen storage materials, a thin film of 
rare earth metals, such as Yttrium and related RE-Mg (RE=rare-earth metals) alloys, 
possess optical transmission properties during hydrogenation. Many interesting 
possibilities have been offered for technological applications, such as smart windows to 
regulate the light and heat transfer in buildings; anti-reflection coatings for TV screens 
and monitors; variable reflectance rear-view mirrors in cars; variable transmittance 
glasses and smart light bulbs with adaptive optics (Griessen 2001). Fig. 2.33 shows 
several video frames taken during hydrogen absorption by a GdMg switchable mirror. 
The indicator lights up when gaseous H2 is introduced in the system. The mirror image 
of the experimenter fades out rapidly while a little toy bear behind the mirror appears. 
The time between the first and last frame is merely 280ms. 
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Fig. 2.33 Frames of a Nideo taken during hydrogenation of a GdMg switchable mirror (Courtesy of 
P. Duine. Philips Research Labs.. Eindhoven). 
There are still some other applications of hydrogen storage materials, such as 
hydrogen getters, hydrogen purification and separation, temperature sensors and 
actuators. hydrogen compression, and permanent magnet production. The details are not 
described further here. It is highly expected that there will be more new applications and 
inventions about hydrogen storage materials in the future. 
2.4. Mg-Based Hydrogen Storage Materials 
2.4.1. Properties of magnesium hydride 
Magnesium hydride is an alkaline-earth metal hydride. Its properties lie between 
those of an ionic hydride and a covalent hydride. It is reversible and conductive. 
MgH-2 (ß phase) has a tetragonal structure with 
two Mg atoms per unit cell, one at the corners and the 
other in the body-centred position. Two of the four 
hydrogen atoms per unit cell are located on the faces, 
and the other two are within the unit cell, as shown in 
Fig. 2.34 (Noritake et al. 2002). The lattice parameters 
of the hydride are ao = 4.517 and co = 3.021 A. There is 
no evidence that Mg is able to form higher hydrides 
than MgH2 (Libowitz 1965). 
For thermodynamic studies, the equilibrium PCT diagrams of the Mg-H system 
have been determined by a number of investigators. Stamper et al. (Stampfer et al. 
1960) obtained a set of isotherms in the temperature range of 440°C - 560°C, Fig. 2. 
35a, while Belkbir et al. (Belkbir et al. 1981) determined those in the lower temperature 
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Fig. 2.34 The crystal structure of 
ß-MgH, (courtesy of Noritake et 
a!. 2002). 
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range of 340°C - 375°C, Fig. 2.35b; so the total PCT diagrams in the temperature range 
of 340°C - 560°C can be obtained from the two sets of data for the Mg-H2 system. 
Plateau pressures at much lower temperatures can be inferred from the Van't Hoff plots 
of MgH2 in Fig. 1.5 in the Introduction (Chapter 1). At room temperature, the pressure 
is very low; at 280°C the plateau pressure is about 1 bar, close to the atmospheric 
pressure. 
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Fig. 2.35 PCT isotherms of Mg-H2 systems for: (a) high temperature range obtained by Stampfer; (b) 
low temperature range obtained by Belkbir, (courtesy of Belkbir et al. 1981). 
The kinetics of unalloyed or modified Mg is very slow. There is a general 
s 
agreement that the first hydriding of the initial Mg needs a pressure up to 3 MPa, a 
temperature up to 340°C, and a period of time ranging from 6 hours to two weeks 
(Miyamoto et al. 1983). It is now accepted that there are other indirect methods of 
preparing MgH2. For instance (Pedersen 1996), Barbaras et al. have identified that the 
treatment of diethyl magnesium with a lithium-aluminium hydride in a diethyl ether 
solution leads to the formation of MgH2 although the product contains some Al; Wiberg 
and Bauer note that when ethyl magnesium bromide is heated to 180°C-230°C, a 
magnesium hydride is formed. However, the kinetic performance of MgH2 during 
cycling does not satisfy the practical requirements for reversible hydrogen storage. 
Douglass has claimed that the controlling kinetics of MgH2 formation is the rate 
of nucleation and growth (Gerard and Ono 1992). A sigmoid curve of transformed 
fraction versus time is shown for the first hydriding cycle of Mg powder. However, if a 
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thick MgH2 or MgO layer is formed around the surface of the materials, hydrogen 
diffusion through this layer would be rate limiting. 
For desorption kinetics of MgH2, Belkbir et al. (Belkbir et al. 1981) have 
observed by microscopy that magnesium itself nucleates and grows on the surface as 
well as in the bulk of the particles; Han et al. have suggested that the rate-controlling 
step of hydrogen desorption from MgH2 is the interface chemical reaction involved in 
the transformation from the ß-phase (MgH2) to the a-phase (Mg) (Han et al. 1986; 
Pedersen 1996). 
The beneficial properties of MgH2, such as light weight, high capacity (7.6 wt% 
H2) and low cost, have established MgH2 as one of the most promising candidates in the 
development of hydrogen storage materials. However, high desorption temperature and 
low kinetics of MgH2 inhabit its practical applications. The ultimate objective in the 
study of Mg-based hydrogen storage materials is to develop an alloy or modified 
hydrides with the following properties: 
"> 3wt% reversible hydrogen storage capacity; 
" Fast hydrogenation/dehydrogenation kinetics; 
" Low desorption temperature, below 1S0°C; and 
" Greater than 1 bar plateau pressure at the desorption temperature. 
2.4.2 Mg-based hydrogen storage alloys 
Alloying Mg before the hydride formation is one of the approaches that can 
improve the storage properties mentioned above. Several Mg-based alloys have been 
investigated so far with different hydrogen storage properties, which are reviewed in the 
following. 
Mg2Cu is one of the earliest Mg-based alloys considered for hydrogen storage. It 
has a rather complex orthorhombic structure, the reaction proceeds as follows (Wiswall 
1978): 
2Mg2Cu + 3H H 3MgH2 + MgCu2 
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The plateau pressure reaches 1 bar at 239°C, notably lower than that of MgH2, the 
enthalpy change of the reaction is -72.7 kJ/mol H2. However, the capacity is 
dramatically reduced due to the formation of MgCu2; the reaction temperature is still 
too high. 
The Mg-Al system shows several intermediate phases that react with hydrogen. 
At a high Mg content (80.7at% and above), the dissociation pressure of the intermediate 
phases is similar to that of MgH2. However, phases of the approximate compositions of 
Mg5A14 and Mg2A13 show a marked increase in the plateau pressure. Zaluska et al. 
(Zaluska et al. 2001) have demonstrated that the largest shift of the plateau pressure 
occurs for a metastable MgAI phase, about three times greater than that of the pure 
MgH2 at 280°C. It can be estimated that when the sorption kinetics is sufficiently high, 
the Mg-Al system can operate at a temperature much lower than 200°C. So the Mg-Al 
system can really be regarded as one of the promising materials for hydrogen storage. 
The system actually operates according to the following reaction: 
MgnAlm + nH2 H nMgH2 + mAl 
During hydrogenation/dehydrogenation of the system, aluminium changes its roles. 
Pure aluminium is produced with the formation of pure MgH2 in the absorption state. In 
the release of hydrogen, magnesium reacts very rapidly with aluminium and forms 
various Mg-Al phases. On the other hand, aluminium plays a positive role in the system 
by providing a conductivity path and improving the heat-transfer properties in such a 
way that the rapid kinetics can be operated at a relatively low temperature. However, the 
cyclability of the Mg-Al alloys is very poor for hydrogen storage, compared with most 
other alloy systems, more work needs to be carried out in this regard. 
In our research group, Bououdina (Bououdina and Guo 2002) compared the 
structural evaluation of (Mg+Al) and (Mg+Al+Ni) mixtures during milling. After 20 
hours of milling (Mg+10at%A1), a (Mg, Al) solid solution was obtained. When 10at% 
Ni was further added to the (Mg, Al) solid solution mixture, a modified (Mg, Al, Ni) 
solution was formed. However, the hydrogen storage properties have not been 
investigated so far for all the mixtures. 
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In the Mg-Ni system, Mg2Ni has been well studied for NiMH battery 
applications. Its reaction with hydrogen forms Mg2NiH4, absorbing 3.6wt% hydrogen. 
The plateau pressure reaches 1 bar at 253°C, showing a good reversibility and much 
easier hydrogenation than Mg. However, the reaction temperature of Mg2Ni is still too 
high for practical applications. A number of investigations have been carried out on the 
substitution by a third element in Mg2Ni, such as Mgz_xM 1, Ni i_y. M2y (M I =B, Al, Si, Ca 
or Mg; M2=Co, Mn, Cu or Ni); Mg2Nio. 75Mo. z5 (M=Ti, Cr, Mn, Fe, Co, Ni); 
Mg1.95Y0.05Ni0.92A1008 and M92-, Al Ni (O X<0.5) for the electrode applications (Cui et 
al. 1999; Tsushio and Akiba 1998a; Yang et al. 2002; Yuan et al. 2000). Tsushio and 
Akiba report that only simultaneous substitution of Mg and Ni can control the reaction 
temperature but the change in the dehydrogenation temperature is less than 30°C 
(Tsushio and Akiba 1998a). 
Orimo et al. have investigated a novel amorphous MgNi phase synthesized from 
Mg2Ni and Ni by ball milling and shown the formation of MgNiH2 with a hydrogen 
capacity of 2.2 wt% (Akiba 1999; Orimo el al. 1997). The most promising advantage is 
that the dehydrogenation temperature of amorphous MgNiH2 is lowered down to 100°C; 
the total hydrogen can be released within 30 minutes at 180°C. 
Orimo et al. have also proposed a 
new direction of research for Mg-based 
hydrogen storage alloys (Orimo et al. 
1998). A body centred cubic lattice has a 
relatively large number of interstitial sites 
for hydrogen occupancy, as shown in 
Table2.1. Therefore, the authors 
attempted to synthesize Mg-based alloys 
with a bcc structure from MgNi by 
substitution. Mg2Ni, Ni and a third 
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element, Al, were milled together in a temperature (courtesy of Orimo el al. 1998). 
Fritsch ball mill for up to 80 hours. The amorphous phase was formed in (Mgi_, Al, )Ni 
with x=0-0.2, while the crystalline phase of a CsCI (B2)-type cubic structure was 
identified with x=0.3-0.5. The PCT diagram shows a plateau pressure higher than 10-4 
MPa (10-3 bar) at room temperature even in MgNi, compared with 10-5 MPa for pure 
/ R. T., discharge I 
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MgH2, and the pressure increases by Al-substitution, as shown in Fig. 2.36. However, 
the pressure is still much too low for practical applications. 
Based on the formation of an amorphous MgNi alloy for hydrogen storage, some 
other ternary amorphous alloys and elemental substitution for Mg or Ni have been 
investigated, such as an Mg-Ni-Zr amorphous alloy (Goo and Lee 2002); MgNiTi., 
Mg1. XTi. Ni and MgNil. XTi,, (x varys from 0 to 0.5) alloys (Ruggeri et al. 2002); Mg-Ni- 
M (M=Ca, La or Pd) ternary amorphous alloys formed by melt-spinning (Yamaura et al. 
2002) and Mg42.5Ti5M2.5Ni50 (M=A1, Zr) formed by mechanical alloying (Jiang and 
Gasik 2000). These materials have been tested as hydrogen storage electrodes 
(discharge capacity and electrochemical cyclic life), all showing improved cycle life. 
Yamaura et al. (Yamaura et al. 2002) report that all the melt-spun Mg67_,, Ni33M,, (M=ca 
or La) and Mg67Ni33_,, Pd,, alloys (x=5-20at%), except Mg67Ni28Pd5, maintain the 
amorphous structure even after hydrogen absorption at 373K for Mg-Ni-Ca and Mg-Ni- 
Pd, and at 423k for Mg-Ni-La. The capacities are shown in Fig. 2.37. Terashita et al. 
(Terashita et al. 1999) have investigated a whole set of elemental substitutions of Ni in 
the amorphous Mg2Ni1.9M0.1 (M=none, Ni, Ca, La, Y, Al, Si, Cu and Mn) alloys 
prepared by MA, and conclude that all the alloys crystallize at a temperature around 
500K, and the starting desorption temperatures are from around 400K. However the 
desorption capacities are reduced with the maximum of 2.1 wt% for M=Ca by 
substitution. 
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Fig. 2.37 Maximum levels of absorbed hydrogen of melt-spun Mg-Ni-M (M=Ca, Pd and 
La) alloys measured up to 5 MPa H2 pressure (Mg-Ni-Ca, Mg-Ni-Pd at 373K and Mg-Ni-La 
at 423K) (courtesy of Yamaura et at. 2002). 
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MgNi2, MgCu2 and MgZn2 are typical Mg-based Laves phase alloys. No report 
on hydrogen storage of these alloys has been published. Tsushio and Akiba explained 
that the interstitial size of these alloys is too small to be occupied by hydrogen (Tsushio 
and Akiba 1998b; Tsushio et al. 1998). Hwang and Nishimura have recently reported 
the hydriding properties of MgLa, MgAg and MgPd synthesised by mechanical alloying 
(Hwang and Nishimura 2002). MgLa shows the best hydrogen absorption 
characteristics among the as-milled alloys. MgLa dissociates during hydriding to form 
lanthanum hydride and magnesium hydride between 300°C-400°C. The alloys of MgAg 
and MgPd absorb practically no hydrogen. A large number of other binary Mg alloys 
have been studied so far, such as Mg3Ag, MgSn, MgZn, Mg9Ce, MgCe and MgAu. 
These types of Mg-rear-earth metal alloys have recently attracted great attention due to 
their optical switching and semi-conductor transitional properties with H2 absorption. 
However, there are no significant findings of practical importance (Wiswall 1978). 
Douglass (Douglass 1978) made a thorough investigation on the hydrogen 
storage properties of Mg solid solutions with 1 at% Ag, Al, Cd, In, Pd, Y or Zn, and 
also two-phase alloys that include additions of 5 at% Ag, Bi, Ca, Co, Mn, Sb, Si, Sn, Y 
or mistch metal, and finally some ternary alloys. The alloys were synthesised by the 
melting method in high-purity graphite crucibles under an argon atmosphere. 
Heterogeneous ingots were produced. The hydrogenation/dehydrogenation behaviour of 
the solid-solution alloys are shown in Figs. 2.38 a and b. Alloys containing Ag, Al, In, 
and Y exhibited the most rapid hydriding kinetics, about 5-6 wt% in 24 hours. 
Dehydriding at NOT was most rapid for Mg-1Y, followed by Mg-lAl, Mg-lAg and 
Mg-lln. So the Mg-1Y appears more promising among the solid-solution alloys. 
A complete list of the solid-solution alloys, the two-phase binary and all the 
ternary alloys is presented in Table 2.6, where the hydrogenation and dehydrogenation 
properties are compared under the given conditions. Once again, the Mg-5Y alloy with 
two phases of Mg and Mg24Y5 shows better performance, the desorption kinetics of 
which at various temperatures and cycles are shown in Fig. 2.39a. The best alloy studied 
in (Douglass 1978) is the ternary Mg-5Ni-5Y, which releases over 3wt% hydrogen in 
150 min at 250°C, as shown in Fig. 2.39b. It should be noted that the data obtained here 
are from the alloy ingot synthesised through the melting method. Deviations may exist 
when the materials are produced by other means with a different microstructure, for 
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example, mechanical alloying with fine powders. Further research is required to clarify 
such effects. 
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Fig. 2.38 Kinetics of Mg solid-solution alloys containing 1 at% of various alloying elements: (a) 
absorption kinetics at 400°C under 800 psi H2; and (b) desorption kinetics at 300°C (courtesy of 
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Table 2.6 Hydrogenation and dehydrogenation behaviour of various Mg solid-solution alloys, 
two-phase binary and ternary alloys (Douglass 1978). 
Alloy (at%) Microstructure H2 absorbed in 
24h at 400°C 
(wt%) 
H2 liberated in 
60min at 300°C 
(wt%) 
Mg-1A1 - 6.1 2.4 
Mg-In - 4.6 1.8 
Mg-1Y - 4.5 4.0 
Mg-lAg - 5.7 2.0 
Mg-lCd - 5.0 0.6 
Mg-5Ag Eutectic: Mg+Mg3Ag 5.3 0 
Mg-5Y Eutectic: Mg+Mg24Y5 7.0 3.4 
Mg-5Sn Eutectic: Mg+Mg2Sn 5.0 2.0 
Mg-5Ca Eutectic: Mg+Mg2Ca 4.9 0.7 
Mg-5Mn Peritectic: Mg+a-Mn 6.0 1.5 
Mg-513i Eutectic: Mg+Mg3Bi2 2.0 0 
Mg-5Co Eutectic: Mg+MgCo2 2.0 0.25 
Mg-5Si Eutectic: Mg+Mg2Si 3.5 0.10 
Mg-5Sb Eutectic: Mg+Mg3Sb2 2.4 0 
Mg-5Al-5Y 3-phase (unknown) 5.0 2.6 
Mg-5A1-5Ni 3-phase: Mg+Mg2Ni+Mg24Y 5.2 3.1 
The ternary hydrides of Mg2FeH6 and Mg2CoH5 have shown to be particularly 
valuable for reversible thermochemical heat energy storage at around 500°C with good 
cyclic stability, e. g. as the storage of solar or excess industrial heat (Bogdanovic et al. 
2002). Theoretically, Mg2FeH6 and Mg2CoH5 can respectively store 5.8 and 4.7 wt% 
hydrogen with the enthalpy of dissociation of 98 kJ/mol H2 for Mg2FeH6 and 86 kJ/mol 
H2 for Mg2CoH5 (Gennari et al. 2002a). Unlike the ternary hydride, Mg2NiH4, which 
forms a stable Mg2Ni phase before hydriding, Fe and Co are immiscible with Mg, which 
do not form a stable Mg2Fe or Mg2Co phase; therefore, their hydrides are very difficult 
to synthesise. Recently, both of the ternary hydrides have been directly synthesised by 
mechanically milling MgH2 powder with Fe or Co (Huot et al. 1997), the storage 
properties may be improved after high energy milling. However, the operation 
temperature of these hydrides is too high for wide practical applications. Table 2.7 
compares the applicable temperature range of Mg2NiH4i Mg2FeH6 and Mg2CoH5 
(Reiser et al. 2000). 
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Table 2.7 Comparison of the temperature range of the thermal output of different 
Mg-based ternary hydrides (Reiser et at 2000). 
Materials Usable temperature range (°C) 
Mg/MgH2 350-450 
Mg/MgH2+2wt%Ni 290-420 
Mg-Ni/Mg2NiH4 250-350 
Mg/MgH2+10wt%Fe 350-550 
Mg-Fe/Mg2FeH6 450-550 
Mg-Co/Mg2CoH5 450-550 
In recent years, many other ternary hydrides involving Mg have been 
discovered, such as LaMg2H7, CeMgH7, NaMgH3, LiMgH3, CsMgH3, Cs4Mg3H10 and 
Cs2MgH4 (Bertheville et al. 2002; Orgaz 2001; Rönnebro et al. 2000). So far, most of 
the studies are focused on the identification of their crystal structures and their binding 
energies using electronic structural calculations. The physical and chemical properties 
of these materials are largely unknown. Further investigation is required to evaluate 
these ternary hydrides for hydrogen storage. 
Fichtner et al (Fichtner and Fuhr 2002; Fichtner et al. 2002) present a synthesis 
and purification method for magnesium alanate, Mg(AIH4)2 (with theoretical hydrogen 
content of 9.3wt%), and further investigated hydrogen desorption process of the 
materials. The synthesis is based on a metathesis reaction of NaA1H4 and MgC12 in 
diethyl ether. After removal of the solvent, the purity of Mg(A1H4)2 is about 95% with 
traces of organics and NaCl. The hydrogen release consists of two steps: 
(1) Mg(AIH4)2--ºMgH2 +2A1+3H2,110-200°C; 
(2) MgH2-ºMg+H1,240-300°C. 
In the first step, about 6.6wt% of hydrogen was released. Furthermore, they used a 
TiC13 promoter to dope Mg(A1H4)2 by milling them for up to 100 min to enhance the 
desorption kinetics, the desorption temperature was reduced by up to 45K. These 
promising properties should attract great interest in further investigation of the 
thermodynamics, kinetics and reversibility of the compound. 
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Newly developed Mg-based ternary alloys have attracted great attention. 
These show some important advantages for hydrogen storage, which could be the future 
material for practical applications. A brief review is given here for these Mg-based 
alloys. 
Yin and Tanaka (Yin et al. 2002) investigated a Mg-rich Mg-Ni-Nd alloy 
produced by melt-spinning and subsequent annealing. This alloy absorbs about 4.7wt% 
hydrogen rapidly between 250 -300°C, and releases hydrogen completely at a moderate 
rate above 180°C. The enhanced kinetics is due to the formation of multiple phases of 
Mg2Ni and Nd2H5 precipitated uniformly in a nano-structured matrix. Moreover, 
Yamada reported (Yamada et al. 2001) that the Mg-Pa-Nd alloy with 90at% Mg shows 
a hydrogen capacity of about 5wt% at 300°C and enhanced sorption kinetics. A Mg-rich 
Mg-Y-Zn alloy exhibits a similar Van't Hoff plot to Mg2Ni, but retains a relatively high 
hydrogen capacity of Mg (Zaluska et al. 1999a). So the high capacity and improved 
kinetics indicate that this type of Mg-rich alloys with the addition of both rare earth and 
3d-trasition metal are valuable candidates for efficient hydrogen storage in the future. 
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(courtesy of Spassov et al. 2002). 
Spassov et al. (Rangelova and Spassov 2002; Spassov and Köster 1999; 
Spassov et al. 2002) studied rapidly solidified Mg-Ni-RE (RE=Y or Mm) alloys. The 
hydrogen storage properties of Mg76Nii9YS and Mg78Ni18Y4 alloys were compared 
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mainly with those of Mgi5Ni20Mm5 (Mm=Ce, La-rich mischmetal). For all the alloys, 
the hydrogen absorption kinetics is reasonably rapid at room temperature by electrolytic 
charging under galvanostatic conditions in 0.5M KOH, as we can see in Fig. 2.40. The 
best hydriding properties are the Mg7SNi20Mm5 alloy with a maximum hydrogen 
capacity of 4.0 wt%. The desorption of hydrogen starts at about the same temperature, 
230-240°C, for all the alloys. The as-quenched alloys show stable nano-/amorphous or 
nanocrystalline structures. These properties are attractive for H-storage. 
The hydrogen storage properties of some multi-component rare-earth Mg 
alloys have been studied, such as La-Mg based alloys: La2.,, Ca,, Mg» and Lae. 
,, MXMg16Ni (M=Ca or Zr, x=0.05-0.2) (Liu et al. 1993; Terzieva et al. 1995; Wang et al. 
2002b). Table 2.8 compares the hydrogen storage properties of La2Mgi7 and Lae. 
,, Ca,, Mgl7 alloys (Terzieva et al. 1995). Among them, Lao. 6Cai, 4Mg17 shows the highest 
storage capacity of 5.0 wt%. Replacing part of La by Ca in the Mg-La alloys makes 
them more suitable for hydrogen storage. In La2_XMXMg16Ni alloys (Liu et al. 1993), the 
partial substitution of Ca and Zr for La leads to a marked increase in hydrogen 
absorption capacities and sorption kinetics. The substitution alloys can absorb hydrogen 
rapidly below 2001C. 
Table 2.8 Hydrogen capacity of La2Mg17, Lae. =Ca: Mgl7 after 
10 and 30 min hydrogenation at 10 
bar and 598K , and desorption time (t 
a) of half of the absorbed hydrogen at 633k under 2 bar 
(Terzieva et al. 1995). 
Materials Absorption capacity ( 
10 min 
wt% H2) 
30 min 
t' 
(min'/2) 
La2Mgi7 3.9 4.3 5 
La1, $Cao, 2Mg17 2.8 2.9 1 
Lai, 6Caa, 4Mg1.7 3.6 3.8 1.5 
Lao. 6Ca,. 4Mg, 7 4.8 S. 0 1 
Laa, 4Cai, 6Mg17 3.7 3.9 1.5 
Lao, 2Ca1,8Mg17 2.3 2.3 2 
Some other more recently tested Mg-based alloys for the purpose of hydrogen 
storage are MgYNi4 (Kitano et al. 2002), Mg3A1Ni2, Mg3TiNi2 (Lu et al. 2001). The 
Mg3AINi2 alloy shows a lower hydriding/dehydriding temperature and a longer 
electrochemical cycle life than Mg2Ni. The hydrogen storage capacities are quite low 
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for the MgYNi4 alloy. However, there is no detailed information about the sorption 
properties of these materials in the literature. Most of the studies concentrate on the 
crystalline structures of the alloys. 
The above clearly shows the effects of different alloying elements and phases 
on the hydrogen storage properties of Mg-based materials, including the hydrogen 
capacity, thermodynamics or kinetics. Certain improvement has been achieved so far, 
but further investigation is still required to in order to satisfy practical requirements and 
make full use of the important advantages of Mg for hydrogen storage (low cost, high 
capacity and light weight). 
2.4.3. Modification on Mg-based hydrogen storage materials 
Since most of the developed Mg-based alloys have lower hydrogen storage 
capacities than MgH2i many investigations have paid particular attention to the 
modification of pure MgH2 without significantly changing the capacity and the structure 
of the material. 
2.4.3.1 Modification with elemental catalysts 
Much has been done to identify catalytic additives to magnesium in order to 
improve hydrogen sorption kinetics. Many metallic elements and non-metallic elements 
(e. g. C and Si) have been investigated. Most of them have a positive catalytic effect on 
the sorption properties of Mg, especially enhanced activation. 
It has been shown that mechanically mixed MgH2 with Ni as a catalyst yields 
better absorption kinetics than that of a mechanically alloyed Mg-Ni alloy (Liang et at. 
1998a). Liang et al. recently report the 3d-transition metals TM (= Ti, V, Mn, Fe and 
Ni) are effective catalysts for obtaining fast sorption kinetics of MgH2 (Liang et al. 
1999a). The (MgH2 +5 at% TM) mixtures were milled for 20 hours in a Spex 8000 ball 
mill. The different catalytic effects of the five elements on kinetics are show in Fig. 
2.41a for hydrogen desorption at 250°C and Fig. 2.41b for hydrogen absorption at 
100°C. 
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Fig. 2.41 Hydrogen sorption curves of (MgH2 + Sat%Tm) (Tm=Ti, V, Mn, Fe, Ni) mixtures: (a) 
hydrogen desorption under 0.015MPa H2 pressure at 250°C; (b) hydrogen absorption 
underl. OMPa H2 pressure at 100°C (courtesy of Liang et a!. 1999a). 
Desorption is most rapid for (MgH2+V), and absorption for (MgH2+Ti). 
However, the sorption plateau pressures for these mixtures show little difference from 
that of pure MgH2. Therefore, the thermodynamic properties are not changed, as seen 
from Fig. 2.42, the plots of plateau pressure versus inverse temperature. Further 
investigation on a (MgH2 + 5at%V) mixture (Dehouche et al. 2000; Liang et al. 1999b) 
show that desorption can occur at 200°C and re-absorption at room temperature, and 
also a good decrepitation resistance upon cycling (stable after 2000 cycles). However, 
vanadium is more expensive and toxic. The 3d-transition metals are good catalysts for 
hydrogen sorption of Mg, assist chemisorption and dissociation of hydrogen. The 
interface between Mg and the catalyst acts as an active nucleation site for hydride 
formation, enhances hydrogen migration and further reduce the activation energy of 
hydrogen desorption. Moreover, Genossar and Rudman suggest that the addition of Cu 
causes Mg2Cu to precipitate, which provides an external oxide-free surface that 
transfers H into / out of the hydriding/dehydriding phase (Genossar and Rudman 1980; 
Gerard and Ono 1992). 
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Fig. 2.42 Plateau pressures versus inverse temperature for (MgH2+5at% Tm) (Tm=Ti, V, 
Mn, Fe and Ni) mixtures (courtesy of Liang et a!. 1999a). 
Holtz et al. (Holtz and Imam 1997) carried out quantitative analyses of the 
catalytic effects of Ni and Fe with the concentration of 0.1,1,2.5,5 and 10at% milled 
with Mg. Nickel is more catalytically active for hydrogen dissociative chemisorption 
than iron at low concentration. For concentration above 1at%, the dehydrogenation rate 
and onset reaction temperature seem to be independent of Ni concentration, but, 
improved with the concentration of Fe. At 10at% content, Ni and Fe produce essentially 
the same effect on dehydrogenation rate. These results can be clearly seen from Figs. 
43a and b. 
L6 
2.0 
C 
0' 
CT1.5 
"a 
ö 
9s c¬1.0 
ö 4 
i' 
= 0.5 
350 
lz 
t 300 
260 
E 
Y 
200 
ý, 
eq 150 
i 100 
60 
0.0 iFI! 1.1 Iaa; '01IFI I-F-I IIF1 
0% 1% 2% 3% 4% 5% i% 7% 1% t% 10% 0% 1% 2% 3% 4% 5% i% 7% 1% 9% 10% 
Atomic Percent NI or Fe Atomic Percent Ni or Fe 
(a) (b) 
Fig. 2.43 Hydrogen desorption properties of the milled (Mg+Ni) and (Mg+Fe) mixtures with different 
Ni and Fe contents: (a) initial desorption rate at 350°C; and (b) onset desorption temperature in vacuum 
(courtesy of Holtz and Imam 1997). 
-f-Mp-Ft 
-i-Mg-Ni 
88 
Chapter 2- Overview of hydrogen storage materials 
A non-metal additive, Si, provides no improvement of the desorption kinetics of 
MgH2 (Reule et al. 2000), while crystalline carbon drastically improves the activation 
behaviour and absorption kinetics of Mg and Mg2Ni (Bouaricha et al. 2000a; Bouaricha 
et al. 2001; Imamura et al. 2002; Imamura et al. 2000). Milling Mg with as little as 
IOwt% of graphite for 30 min can achieve faster absorption kinetics at 300°C than pure 
Mg milled for a long period of time under the same milling condition. The key point in 
this discovery is to limit the milling operation to a few tens of minutes. The introduction 
of graphite inhibits the formation of a new oxide layer on the surface of the materials. It 
has been noted that mechanical milling of only 1 hour leads to the graphite being broken 
irregularly and rapidly becoming amorphous. Therefore, Imamura et al. (Imamura et al. 
2000) propose the use of organic additives, such as benzene and cyclohexane etc. in the 
Mg/graphite mixture to reduce the amorphization of graphite and enhance the solid- 
phase interaction between graphite and magnesium during milling. Fast absorption 
kinetics can be obtained at 180°C. However, there is no report about the 
dehydrogenation properties of the milled (Mg + graphite) mixture in the literature. 
Further investigation need to be carried out in the aspect. 
Other metal elements, such as Li, Al, Co, Ge, Pd, Ag and Zr also show some 
positive effects on H2 storage of Mg, especially enhanced activation and absorption 
kinetics (Bobet et al. 2000; Gennari et al. 2002b; Zaluska et al. 1999a). The best kinetic 
results obtained in the work of Zaluska et al (Zaluska et al. 1999a) are from a 
combination of the additives, e. g. Zr+Ti or (Mn+Zr. An addition of both Mn and Zr 
leads to hydrogen absorption at 170°C with rapid kinetics. However, the mixed 
additions of Ti+V and Ti+V+Fe show no further effects on the kinetic and 
thermodynamic properties apart from an improvement in cyclability (Dehouche et al. 
2001; Khrussanova et al. 2001). 
For all the assessed elemental catalysts, further investigation is required to 
determine the optimum amount of each catalyst for the maximum improvement of 
hydrogen storage properties of MgH2. Moreover, these catalysts do not substantially 
change the thermodynamic properties of MgH2, and allow Mg to effectively operate at 
low temperatures, the desorption temperature of the modified MgH2 is still too high. 
Therefore, more doping elements should be investigated for this purpose. 
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2.4.3.2 Modification with intermetallic compounds and oxides 
The intermetallic compounds, LaNi5, FeTi, ZrFe1.4Cr0.6, La(Nio. iFeo. 3)s, Pd3Fe 
and (Fe0.8Mno. 2)Ti have been used as additives into MgH2 or Mg to modify their storage 
properties. Milling MgH2/Mg with LaNi5 up to 20 hours, followed by a full 
hydrogenation, leads to the formation of a (MgH2+LaH3+Mg2NiH4) composite (Liang et 
al. 1998b; Liang et al. 2000). In desorption, the LaH3 could not be decomposed under 
the mild desorption conditions. The mixture shows much better sorption kinetics than 
the binary alloys Mg-La and Mg-Ni due to a synergetic effect between Mg2Ni and LaH3 
on the hydrogen absorption/desorption,. But the thermodynamic properties of the 
material are not changed. Sintered samples of (Mg +X wt%LaNis) (X=20-50) show no 
substantial difference from the milled samples, but the main phases become Mg. Mg2Ni 
and LaMg12 after sintering (Sun et al. 2000). 
Wang et al. (Wang et al. 2000) mechanically milled Mg with ZrFe1,4Cro, 6 under 
high-purity hydrogen up to 4 hours. The addition of ZrFe1,4Cr0,6 results in the rapid 
formation of MgH2 and particle pulverization. Desorption to about 80% of the full 
hydrogen capacity of the mixture can be accomplished in less than 15 minutes at 543- 
553K. In the investigation of milling Mg with FeTil, 2, the composite possesses rapid H- 
sorption rate, increasing with milling time, and as well as lower slope, higher plateau 
pressure and superior oxidation resistance. The favourable H-storage properties are the 
combined effects of the catalytic efficiency of FeTi1.2 and nanostructure of Mg (Liang et 
al. 1995; Wang et al. 2002a). However, these composite materials show relatively low 
capacities compare to pure Mg. 
Milling with a (inter)metallic additive such as La(Nio. iFe0.3)5, Pd3Fe and 
(Fe0.8Mna. 2)Ti increases the interface area (per unit volume) between MgH2 and the 
additive, and hence its catalytic effect on MgH2, leading to certain improvement of the 
desorption kinetics (Reule et al. 2000). The maximum hydrogen desorption rate is 
observed at about 500K for MgH2 + La(Nio. 7Feo. 3)5, between 510K-560K for MgH2 + 
Pd3Fe and at about 570K for MgH2 + (Feo. 8Mn0.2)Ti, while for pure MgH2, it is about 
720K. SEM observation shows MgH2 is distributed on the surface of the additives as an 
irregular thin film coating. 
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Some oxides, such as Sc203, Ti02, V203, Cr203, Mn203, Fe304, CuO, A1203, 
Si02 and CeO2, have been noted to influence the hydrogen sorption properties at 
relatively high temperatures (>300°C) (Oelerich et al. 2001; Song et al. 2002). The 
oxides of the transition metals, Ti, V, Cr, Mn and Fe, significantly enhance both the 
absorption and desorption kinetics, with Cr203 providing the most rapid H absorption 
and V203 and Fe304 the most rapid desorption, while CuO, A1203 and Sc203 
accelerating the hydrogen absorption, but cause little change in the desorption rate. Si02 
even slows down the sorption kinetics in comparison with pure nanocrystalline MgH2. 
The desorption rates of the different (MgH2+Oxide) systems are presented in Fig. 2.44. 
Bobet and co-workers (Song et al. 2002) further report that CeO2 has some influence on 
the hydrogen absorption kinetics, but not the desorption kinetics, and the cyclic stability 
is very poor for the addition of Cr203, A1203 and CeO2 in Mg. It is yet unclear what the 
actual mechanism of effects of these oxides for hydrogen sorption is. They claimed that 
the fast sorption kinetics may be attributed to that the added oxides help pulverization of 
Mg/MgH2, and also introduce a very high defect density at the surface of the metal 
oxide particles during milling to enhance the chemisorption of hydrogen, the metal 
atoms with different electronic states actually play an catalytic role. If this is the case, 
then any other hard particles, e. g. nitrides and carbides, should also play the trick. 
Further study is required to clarify this point. 
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Fig. 2.44 Desorption rate of a MgH2/M,, O,, material at 300°C, in comparison with 
nanocrystalline pure MgH2 (courtesy of Oelerich et al. 2001). 
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2.4.3.3 Modification by surface treatment 
A very effective surface modification on Mg-based hydrogen storage materials 
was proposed by Suda et al., based on fluorination of metal surfaces (Liu and Suda 
1995,1996; Wang et al. 1995). The F treatment was performed by putting the sample 
powders in an F containing aqueous solution at 30°C for 3 hours. This modification not 
only removes the existing oxide layer but also prohibits further oxidation by the 
formation of MgF2 or other fluorides on the surface of Mg-based alloys, which 
generates some micro-channels along the interface. The treatment accelerates the initial 
activation for hydrogen absorption at moderate conditions (absorbing hydrogen at 75°C 
for Mg2Ni). 
Hampton et al proposed a water-treated surface modification method (Hampton 
et al. 1999; Hampton et al. 2002). Mg-Ni alloys can be activated for hydrogen uptake 
by treatment with either liquid water or water vapour for as little as 2 minutes. After 
treatment, the oxide layers mainly become polycrystalline Mg(OH)2, the high activation 
temperature of Mg2Ni for initial hydrogen absorption can be effectively reduced. This 
finding is particularly interesting as water has always been viewed as a "poison" in 
metallic hydrogen storage systems. 
2.4.3.4 Modification by thin film formation 
The benefit of forming a thin film coating on the surface of hydrogen storage 
materials has been briefly mentioned in Section 2.2.3.4. The film creates an interface 
between two different phases to enhance the hydrogen absorption/desorption along the 
interfaces. More recently, Leon and co-workers prepared Mg thin films by vacuum 
evaporation on oriented and polished silicon wafer substrate (Leon et al. 2001). The 
sorption kinetics of the thin Mg film is improved compared to the pure un-milled 
magnesium. Similar modification can be observed in the amorphous Mg-Ni films 
prepared by an ion-beam sputtering method (Chen et al. 2002a). The reversible 
hydriding/dehydriding reactions occur at 423K and 3.3 MPa of hydrogen, providing a 
new dimension for the applications of Mg-Ni based thin films. On the other hand, the 
thin film seems more stable against oxidation compared to the powder samples. 
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Higuchi et al have previously investigated hydrogen storage properties of two 
layered Pd/Mg nanocomposite films (Higuchi et al. 1999). More recently, they 
synthesized three layered Pd/Mg/Pd thin films by an RF-associated magnetron 
sputtering method (Higuchi el al. 2002). The Pd layers are 50nm thick, the Mg layer 25- 
800nm. After hydrogenation of the thin film at 373k for 24 hours, the hydrogen capacity 
is 0.15-0.30 wt% in Pd, 5.0 wt% in Mg. The hydrogen desorption temperature rapidly 
decreases with the increase of the thickness of the Mg layer, and become lower than 
373K in the Pd/Mg(800nm)/Pd film. This has been attributed to the narrow columnar 
grain structure of the film, shown in Fig. 2.45, and cooperative phenomenon between 
nanostructured Mg and Pd layers. Full explanation of this effect can be found in 
(Higuchi et al. 2002). This achievement is rather interesting and important for the future 
practical applications of Mg-based hydrogen storage materials. 
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Fig. 2.45 TEM micrograph of the cross section of a Pd (50nm)/Mg(200nm)/Pd(50nm) film before 
hydrogenation (left) and schematic diagram of a hydrogenated Pd/Mg/Pd film (right) (courtesy of Higuchi 
et al. 2002) 
2.4.4 Mechanical alloying of Mg-based hydrogen storage materials 
2.4.4.1 General introduction 
Mechanical alloying (MA) is a powder processing technique involving flattening, 
cold welding, fracturing and rewelding of powder particles in a high- energy ball mill. 
In each high-energy milling stage, at least one of these processes dominates, while 
others are sequent. At the initial stage, the force of impact causes severe plastic 
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deformation of the particles. The newly created surfaces may weld the particle together 
and the apparent particle size increases. With the increase of milling time, particle 
fracture tends to dominate and the cold welding is sequent. The particle size is reduced. 
Finally, a steady-state equilibrium is achieved with the milling time. 
The actual process of MA starts with mixing of the powders in the right 
proportion and loading the power mixture into the mill with the grinding balls. During 
ball milling, balls (made of very hard materials, e. g. steel or tungsten carbide) are 
moving rapidly inside the rotating or vibrating pot. The balls collide rapidly and transfer 
energy to the powder trapped between them. The mixture is then milled for the desired 
length of time depending on the materials. The types of mills generally used in the 
laboratory are: i) the SPEX mill, which is a shaker mill, where about 10-20g of the 
powder can be processed in one operation; ii) the Fritsch Pulverisette mill, which is a 
planetary mill, where powder in more than one container can be processed 
simultaneously, and a few hundred grams of the powder can be milled in one operation; 
and iii) the attritor, where powder from about 0.5 to 40 kg can be processed at one time. 
The time required for processing in the SPEX mills is shorter than that in the attritors or 
Fristch mills (Suryanarayana et al. 2001). 
In an MA process, if we start with a single-phase material, the mechanical 
energy transfer causes refinement of the microstructure, and in certain cases, structural 
transformations. If we start with a multi-component material, the milling process creates 
a large number of interfaces where chemical reaction can take place. It should be 
mentioned here that MA is a completely solid-state processing technique and therefore 
limitation imposed by equilibrium phase diagrams do not quite apply here. It has been 
proved that MA of different powder mixtures is able to produce equilibrium and 
supersaturated solid solutions, amorphous or glassy alloys, crystalline and 
quasicrystalline intermediate phases, and nanocrystalline materials. Due to these 
features, the technological applications of mechanical alloying spread over various 
research and industrial areas, as summarized in Fig. 2.46. It is capable of processing a 
large amount of materials for industrial scale production. 
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Fig. 2.46 Typical current and potential applications of mechanically alloyed products (courtesy of 
Suryanarayana et al. 2001) 
2.4.4.2 Milling conditions 
The final products we expected to obtain by mechanical alloying depends not 
only on the materials mixed and their chemical composition, but also on the milling 
conditions, such as milling bowl and ball, milling speed, milling time, ball-to-powder 
weight ratio, milling atmosphere, temperature of milling, and process control agents, 
which are described as follows (LU and Lai 1998; Suryanarayana 2001). 
Milling bowl and ball 
Several types of bowls or balls are commercially available: steel bowls 
including hardened chrome steel, stainless CrNi-steel and hardmetal tungsten carbide 
(WC+Co), and ceramic bowls including sintered corundum (A1203), agate (Si02) and 
zirconium oxide (Zr02). For high energy mechanical alloying, steel bowls are 
recommended since ceramic bowls can cause contamination due to fractured particles 
from the brittle surfaces of bowl and balls. The hard metal tungsten carbide bowl and 
balls show the highest abrasion resistance, approximately 200 times more resistant than 
agate. 
In the selection of milling balls, large size balls transfer more impact energy to 
the powder particles. Although most of the investigators generally use only one size of 
milling balls, it has been predicted that the highest collision energy can be obtained if 
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balls with different diameters are used. The relative smaller balls can produce intense 
frictional action, which promote amorphous phase formation. 
Milling speed 
The faster the mill rotates, the higher the energy input into the powder. However, 
two factors limit the maximum speed that could be employed in MA. One is the critical 
speed of a designed mill, above which the balls will be "pinned" to the inside wall of the 
bowls due to strong centrifugal force, the impact force between the balls and the 
powders will be vanished. The other factor is that milling temperature increases with 
increasing milling speed, the high milling temperature will make the powder react with 
remained impurities to form oxide or other alloys. For the milling of metal hydrides, the 
high temperature will cause the hydrogen release during processing. 
Milling time 
For a particular powder system, the time required depends on the combination of 
almost all the other milling parameters. It should be noted that the level of 
contamination increases and some undesirable phases form if the powder is milled for 
too long. Therefore, it is expected that the powder is milled just for the required 
duration and not any longer. 
Ball to powder weight ratio 
Ball to powder ratio is an important parameter in MA. In general, the higher the 
ratio, the shorter the time for both refinement and alloy formation. It is also possible that 
due to the high energy, more heat is generated and this could also change the 
constitution of the powder. A ratio of 10: 1 is most commonly used in a SPEX ball mill. 
However, when a large capacity mill is used, a higher ball-to-powder ratio can be 
selected to increase the impact energy of milling. More over, the "soft" conditions 
(small ball sizes, low ball-to-powder weight ratio, low speed of rotation, etc. ) of MA 
more likely produce metastable phases or amorphization. 
Milling atmosphere 
Milling atmosphere can influence the final phase of the milled powder. In order 
to prevent the powder from contamination, the containers are always evacuated or filled 
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with an inert gas such as argon or helium. Nitrogen has been found to react with metal 
powders, so usually it cannot be used to protect the powder during milling, unless a 
nitride product is expected to form. Recently, one is interested in milling hydrogen 
storage materials in a hydrogen atmosphere to form hydride in-situ and to reduce the 
need for activation. It has been found that metal powders milled in H2 become brittle 
and do not stick with each other or to the container. 
Temperature of milling 
The temperature of milling is determined by the constitution of the milled powder 
(whether a solid solution, intermetallic, nanostructure, or an amorphous phase). The 
milling temperature can be varied by either dripping liquid nitrogen onto the milling 
container to lower the temperature or electrically heating the milling bowl to increase 
the temperature of milling. It should be mentioned here that the temperature of the bowl 
(or powder) rises during milling, due to the kinetic energy of the grinding medium and 
exothermic processes occurring during milling. A maximum temperature of 40-42°C 
was recorded when milling without balls in the container; even with 13 balls in the 
SPEX mill, only about 50°C of the temperature rise was noted. Most of the temperature 
rise comes from the motor and bearing. However, some researchers have reported very 
large temperature rises for some materials, e. g. a 220°C rise during milling of a Ni-Al 
mixture in a planetary ball mill, 172°C of a Ni-Ti mixture in a high-speed ball mill, and 
120°C of a Al-Mg mixture in a SPEX 8000 (Suryanarayana 2001, Table 6). 
Process control agents 
A process control agent is sometime added to the powder mixture during milling 
to minimize the cold welding between powder particles by adsorbing on the particle 
surfaces, and thereby inhibits agglomeration of the powder and powder sticking on the 
balls and the wall of milling jar. The most important process control agents are stearic 
acid, hexane, methanol and ethanol. Use of a large quantity of the agents normally 
reduces the particle size by 2-3 orders of magnitude. However, for brittle materials, 
large particles can be reduced easily without the addition of the control agent during 
milling. There is also a tendency of oxide formation on powder surfaces due to the 
control agent. 
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2.4.4.3 Advantages of mechanical synthesis of Mg-based hydorgen storage 
materials 
The past few years have witnessed an increasing interest in the use of mechanical 
milling to prepare hydrogen storage materials. Usually, hydrogen-storage alloys are 
made from melting different metallic components by the use of an arc-melting or high 
frequency induction melting. On cooling, the melt solidifies to produce an ingot, which 
is then crushed into fine particles. However, it is difficult to use such a method to 
prepare alloys particularly for elements having a high vapour pressure. Since Mg has a 
high vapour pressure of 361 Pa at 649°C (melting point) and a low miscibility with most 
transition metals, the preparation of Mg-based alloys by the melting method is much 
more difficult than for the LaNi5 and TiFe hydrogen storage materials (Lenain et al. 
1998; Sun et al. 1999). Thus the need for an alternative synthesis route arises. Recent 
research groups have used the MA technique with success to modify or synthesize Mg- 
based hydrogen storage materials. The benefits of ball milling to prepare the materials 
are summarised as follows (Bouaricha et al. 2000b): 
(1) The ease of formation of several alloys and hydride phases, such as the Mg2Ni 
phase, the Mg2_, MNi alloy (M is the catalytic metal) and the Mg-Al compounds etc. 
(Abdellaoui et al. 1998; Liang et al. 1998a; Xue et al. 2000); 
(2) Generating Mg-based materials in an amorphous or a nanocrystalline state with 
or without an amorphous structure, providing various levels of dislocations and defects 
in favour of hydrogen storage (Orimo et al. 1997; Schulz et al. 1999); 
(3) The ease of formation of multi-phase nanocomposites: Mg or MgH2 can be 
intimately milled with other elements or intermetallic compounds, such as Ni, Co, Ti, 
Fe or compounds LaNi5, FeTi, Mg2Ni (Liang et al. 1998b), form multi-phase mixtures, 
which enhance the kinetics of hydrogen absorption/desorption; and 
(4) The generation of fresh and highly reactive surfaces during the milling: this 
increases the hydrogen absorption/desorption rates, reducing the need of further 
activation. Mg with an hcp structure, consisting of relatively few slip systems, can be 
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readily broken, and therefore can be cracked easily to form fine particles during MA, 
while produce clean and active surfaces. 
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Fig. 2.47 Thermogravimetric (TG) profiles of the hydrogenated Mg-x at%Ni 
(x=33,38,43 and 50) (courtesy of Orimo et al. 1997). 
Orimo et al. have synthesized the alloy Mg-X at. %Ni (X=33,38,43 and 50) with 
different nanoscale structures by mechanical grinding of Mg2Ni with various amounts 
of additional Ni (Orimo et al. 1997). The pure amorphous MgNi was homogeneously 
synthesized in the equivalent composition of X= 50 after 20 hours milling with the 
speed of 400rpm. The amorphisation shows some advantages, as observed in Fig. 2.47. 
The dehydriding temperature is lowered down to 373K in the alloy composed of only 
amorphous MgNi under an argon atmosphere. While for X=33, the dehydriding 
temperature is 440K. However, the high levels of the heavy Ni addition reduce the total 
H-storage capacity of the alloys. 
The influence of severe deformation by mechanical milling on the structure and 
hydrogen absorption and desorption properties of MgH2 has been investigated by 
R. Schulz et al. (Schulz et al. 1999). The advantages of milling the hydride instead of the 
pure metals to produce novel nanostructures with a high surface area to improve 
hydrogen sorption kinetics are presented in references (Huot et al. 1999b; Schulz et al. 
1999). Fig. 2.48 shows the PCT diagram of a MgH2 measured at 350°C before and after 
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milling. The absorption plateau pressure is not 
affected by the milling process, but the 
desorption plateau of the milled sample is 
much higher and the hysteresis much smaller, 
indicating very fast desorption kinetics (On 
the other hand, the thermodynamic properties 
of MgH2 are not altered by mechanical 
milling. ) As further evidence, Fig. 2.49 shows 
the hydrogen absorption and desorption curves 
at various temperatures for the un-milled and 
the 20-hour milled MgH2. At 573K, the milled 
sample absorbs 7wt% of hydrogen in 400 sec, 
while it takes about 2000sec to reach 3wt% for 
0 
the un-milled MgH2. The desorption kinetic is much enhanced for the milled MgH2. 
So we can conclude that by ball milling pure MgH2, it is possible to improve 
considerablly the hydrogen absorption and desorption kinetics because the crystal or the 
particle size is reduced and the specific surface area increases significantly. However, 
the milling process does not change the basic thermodynamic properties of the material. 
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Fig. 2.49 The hydrogen absorption and desorption curves at various temperatures for the un-milled and the 
20-hour milled MgH2 (courtesy of Schulz et al. 1999). 
Compared to the other methods used for preparing nanocrystalline hydrogen 
storage materials, such as melt spinning (MS) and vapour deposition, mechanical 
alloying (MA) truly exhibits several advantages in the improvement of hydrogen 
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storage properties of Mg-based alloys. Fig. 2.50 shows the comparison of the 
dehydriding kinetics of a multi-component Mg-Ni-Mo-C material prepared by 
individually melt spinning and by mechanical alloying (Sapru et al. 1998). Although the 
melt-spun sample (MS) is sometimes more homogeneous, it is not as good as the MA 
prepared sample in the desorption kinetics. However, by having a surface coating of 
Mg2Ni, the kinetics of the MS sample is improved. Holtz prepared the materials of Mg 
with a small amount of nickel by three methods: sputtered nanocrystalline powder by 
inert gas condensation; materials deposited as a thin film by co-sputtering; and ball 
milling. The best results in terms of both process yield and hydriding/dehydriding 
behaviour were achieved from the sample synthesized by mechanical milling (Holtz 
1997). 
To sum up, there have been many attempts to improve the hydrogen storage 
properties of Mg-based materials. Both chemical alloying and synthesis methods have 
been extensively evaluated for such purpose. However, most of the studies are carried 
out by trial and error. There are few guidelines in the experimental design. Hence, the 
results are patchy and the interpretations incomplete and, sometimes, contradictory. It is 
very important to conduct a systematic and well-designed set of investigations to 
elucidate the mechanisms and to clarify the effectiveness of chemical and mechanical 
methods in improving key hydrogen storage properties of Mg-based hydrogen storage 
materials. 
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Fig. 2.50 Desorption kinetics of the multi-component Mg-Ni-Mo-C materials at 300°C: 1) the melt 
spun sample; 2 and 2a) mechanical alloyed sample; and 3) melt spun sample coated with Mg2Ni 
(courtesy of Sapru et al. 1998). 
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CHAPTER 3: EXPERIMENTAL METHODS 
3.1 Materials and Sample Preparation 
3.1.1 Materials 
After extensive literature survey, MgH2 powder was initially selected as the 
main material for this study. MgH2 powder was purchased from Th. Gold Schmidt AG 
with a composition of 95 %MgH2 and 5wt% Mg, and an average particle size of 50 
µm. It appears as light-grey. Other powder materials were used for different sections 
of study. The initial particle sizes and composition of these powders and the materials 
supplier are listed in Table 3.1. All the powders used for the experiments are kept in an 
argon-filled glove box. The powders selected and their amounts for each stage of 
investigation are described in detail in the relative section of experimental results 
(Chapter 4). 
Table 3.1 Characteristics of powder particles 
MATERIALS 
MATERIALS 
SURPPLIER 
AVERAGE 
PARTICE SIZE 
PURITY (wt%) 
MgH2 Th. Gold Schmidt AG 50 µm 
95% MgH2, 
5%Mg 
Ti Strem Chemicals <150 µm 99.5% 
Fe Strem Chemicals 7µm 99.8% 
Ni Strem Chemicals 7µm 99.8% 
Cu Strem Chemicals 149 µm 99.9% 
Nb Goodfellow 20 µm 99.85% 
Al Goodfellow 60 µm 99.5% 
Mg Strem Chemicals 44 µm 99.8% 
Ce Alfa Aesar <425 µm 99.9% 
Y Aldrich <425 µm 99.9% 
Graphite Alfa Aesar 45 µm 99% 
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3.1.2 Mechanical milling 
Mechanical milling was carried out in a Fritsh P5 planetary ball mill. Before 
experiment, the milling vial and balls, a small spoon and spatula were cleaned with 
acetone and heated in an oven for 1 hour at 150°C to get rid of any moisture, and then 
were kept in a glove box under an inert gas (argon) atmosphere. The powder was 
weighted with an electric microbalance and put into the clean stainless steel vial along 
with milling balls inside the glove box. The milling vial containing powder mixture 
and balls was thereafter fixed in the ball mill, evacuated first and then filled with a gas, 
e. g. argon or hydrogen, to atmospheric pressure. For each experiment, ball milling was 
operated under pre-set milling conditions (milling speed, ball-to-powder weight ratio, 
milling time and milling atmosphere). At regular intervals of milling, the resulting 
powder particles were removed from the bowl inside the glove box for sample 
characterisation or hydriding/dehydriding process. Some of the powder was stuck to 
the wall of the bowl and the balls, cleaning procedure was carried out by milling 
without sample for 30-60 minutes at a higher speed of 336.8 rpm. The schematic view 
of the milling process is demonstrated in Fig 3.1. 
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Horizontal section Ego. i 
Pressure gauge ýIj 
Milling operation 
Pumping Movement of 
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Qsc 
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Inert gas centrifugal 
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a 
V 
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d 
Rotation of the milling bowl 
hi 
C 
00000, 
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protective gas (Ar erN: l b 
Fig. 3.1 Schematic of the milling process 
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The glove box (Fig 3.1a) is a completely sealed vessel. Before each use, it was 
evacuated first and then flushed with argon. This procedure was repeated for more 
than three times for each application. To prevent the powder from oxidation, it was 
kept in the glove box filled with argon. 
The Fritsch planetary ball mill (Fig3.1 b) is commonly used for research 
purposes in the laboratory. The ball mill consists of one turn disc and two bowls. The 
turn disc rotates in one direction while the bowls rotate in the opposite direction. The 
motions of the balls and powders during milling are shown in Fig 3.1d. The centrifugal 
forces are alternatively synchronized, which leads to the impact of milling balls onto 
the powder particles to generate powder mixing and/or alloying effects. The impact is 
intensified when the balls strike one another. Moreover, for the simple mixing of 
MgH2 with Ni for 1 hour to clarify the dominant chemical effect of Ni (catalytic or 
solid-solutioning effect) on dehydrogenation, a Spex 8000 ball mill was used to 
prepare the powder mixture (Section 4.2). 
Mechanical milling used here for sample preparation is to mix, pulverize or 
alloy the materials. The results depend on the intensity and duration of milling 
process, and also on the milling environment, which are different from each 
experiment in this project. The details for the specific experiment are described in the 
relevant chapter. The basic variables used to control the milling processes are listed in 
Table 3.2. 
Table 3.2 Basic variables for mechanical milling 
Variables I Conditions 
Milling vial 
Milling balls 
Milling atmosphere 
Milling speed 
Ball to powder weight ratio 
Milling time 
250m1, hardened stainless steel* 
20mm in diameter, hardened stainless steel* 
Argon* or hydrogen 
4 (168.4rpm); 6 (252.6 rpm)*; 8 (336.8 rpm) 
30: 1* 
Specified in different experiments 
* Parameters used in most experiments, which will not be described again in each experiment, 
only different milling conditions will be specified. 
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3.1.3 Hydrogenation process 
The hydrogenation device was designed for hydrogen recharge and activation 
of the powder mixtures. Fig. 3.2 shows the schematic graph of the hydrogenation 
system. The chamber "a" was made of a stainless tube with an internal diameter of 
015 mm and outside 035 mm. An aluminium washer was used between the chamber 
and the screwed cover to seal the chamber properly. The connections to the pump and 
hydrogen cylinder are very thin tubes with an internal diameter of 1mm. Two pressure 
gauges, 1 and 2, are used to evaluate the hydrogen pressure and the degree of vacuum 
inside the chamber. Valves displayed in the device are controlling the hydrogen flow 
and vacuum alternatively. A plastic tube is connected to a special valve "b" at one end 
and to an outside ventilation system at the other for safe hydrogen release. A thermal 
couple is attached to the outside wall of the chamber, and connected with a 
temperature controller made by Queen Mary, University of London. The maximum 
temperature and pressure can be applied up to 450°C and 55bar without any leakage. 
For the hydrogenation process, a small amount of the pre-milled powders were 
put in a stainless steel boat "c" inside the glove box, and then immediately transferred 
into the chamber of the device. Prior to hydrogenation, the chamber was continuously 
evacuated to release hydrogen from the milled sample at a preset temperature and 
duration, and then high purity hydrogen was introduced into the chamber under a 
preset pressure when the temperature reached the desirable value. In the study, for the 
samples involving hydrogenation test and milling with MgH2 (section 4.4), desorption 
was normally carried out at 430°C for 2 hours under continuously vacuum, absorption 
was set under 10-14 bar hydrogen pressure at different temperatures and durations in 
order to assess the true capacities and absorption kinetics of the materials. 
In the investigation of hydrogenation properties of the (MgH2 + graphite) 
mixture, a compacted powder pellet specimen was also tested (Section 4.4). About 
0.065g of the milled powder was compacted in a die using a 15ton cold press. During 
each compaction, a pressure of 220bar was used to make a thin pellet with a diameter 
of 6mm and a thickness of about 0.5-0.6mm. 
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Fig. 3.2 Schematic of the hydrogenation system 
3.2 Material Characterization 
3.2.1 Microstructural characterization by SEM 
ýa w 
ýý 
1 
ý: 
C 
Scanning electron microscopy (SEM) was conducted to characterise the 
particle size, phase distribution and particle morphology of the milled powder 
materials. The SEM apparatus used for obtaining high-resolution images is a JEOI, 
JSM 6300F field emission SEM, which consists of a cold cathode field emission gun 
that requires a vacuum better than 10-8 Torr. For sample preparation, a small amount of 
sample powder was stored in a clean bottle containing acetone solution, and then the 
bottle was placed in an ultrasonic bath for 3 minutes to break up loose agglomerations, 
and to disperse fully the powder particles in the solution. A small volume of the 
solution containing the sample powder was dripped on a clean and smooth metal disc. 
After drying, the sample with well-dispersed particles was ready for the SEM 
analyses. In the study of the milled (MgH2+graphite) mixture, the pellet specimens 
were cut into half and embedded in resin and polished slightly in order to observe the 
cross section of the sample. The presence and distribution of different phases in a 
powder mixture were observed using Back Scattered Electron (BSE) imaging and dot 
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mapping. This type of analyses was carried out on a JEOL JSE 6300 thermionic SEM 
equipped with an EDS detector of INCA Energy 300 Microanalysis System by Oxford 
Instruments Analytical. 
3.2.2 XRD analyses 
Powder X-ray diffraction was performed on a Siemens D-5000 diffractometer. 
The source was Cu K,, radiation from a conventional water-cooled X-ray tube. The 
software attached to the equipment is Diffracplus Basic 4.0, which allows rapid scans 
and longer data collection, and easy analyses of the data obtained. The powder 
materials were compressed in a plastic XRD sample holder with a clean glass plate to 
make a flat sample, as shown in Fig 3.3 For materials that are very sensitive to air, 
such as the mixtures of (MgH2 +Y) and (MgH2+Ce), a cling film was used to wrap the 
sample and holder in the glove box in order to avoid the explosion of the powders in 
air. 
An X-ray diffraction pattern of a specimen tells the information of phases 
present (peak position), phase concentrations (peak heights), amorphous content 
(background hump) and crystallite size/strain (peak width) in the material. XRD used 
in this project are mainly for detecting the phase changes of the materials during 
mechanical alloying and dehydrogenation, and also later for the quantitative analyses 
of phase composition and crystal lattice parameters. 
Fig. 3.3 X-ray diffraction powder sample preparation. 
3.2.3 Rietveld refinement 
Rietveld method is a technique developed by Dr. Rietveld to refine the 
parameters of a crystal structure by comparing the measured X-ray diffraction pattern 
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with that calculated from a model of a known crystal structure as a reference, which is 
also known as the whole-pattern-fitting structure refinement (Young 1993). Therefore, 
the method has to be used together with x-ray diffraction analysis. By pre-assuming 
the phases or crystalline structures of the phases that contribute to a complex 
diffraction pattern, the Rietveld method can superimpose their contributions together 
to achieve a best fit to the observe diffraction pattern by adjusting many factors in 
relation to phases. It has the advantage that the intensities of the entire diffraction 
profile can be evaluated simultaneously, including overlapping Bragg peaks. 
As we know, the X-ray diffraction condition follows Bragg's law, n), =2dsinO, 
which identifies the direction of diffraction maxima. The intensities of these maxima 
depend on certain sample properties and on the measuring conditions. All these factors 
produce the intensity of a Bragg diffraction peak, shown in function (1) (Gross 1998): 
In=sMMLCCA(0, p) IF' 12 (1) 
I,, - The intensity of a Bragg Peak at n Miller indices; 
s- The scale factor (the size of a unit cell); 
M -The multiplicity factor (the number of equivalent lattice planes which intersect the unit 
cell); 
L - The Lorentz factor (angular dependence of the diffraction intensity); 
F,, - The structure factor (combined scattering strength of all atoms in the unit cell); 
ýn - The amount of the polarization of the incident beam, determined by measuring conditions; 
and 
A (0, u) - The absorption factor, determined by measuring conditions and equipment. 
During the Rietveld analyses, a diffraction pattern is calculated using an 
appropriate structural model. In the model, the key parameters, which may include all 
the factors listed in equation (1), are allowed to vary at each cycle to obtain the best fit 
between the whole observed pattern and the calculated pattern. Other materials 
properties, such as the presence of a secondary phase, the crystallite size, preferred 
orientation, residual stress and phase composition of a material, should also be taken 
into account and vary with each cycle. Therefore, after a best fit pattern has been 
calculated, the lattice parameters, phase ratios and other factors considered in the 
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calculation for a powder system can be determined accurately from the output data. In 
terms of accuracy, the number of refinable parameters increases as the number of 
measured Bragg peaks and resolution increase. Usually, a knowledge is required of the 
basic crystal symmetry and chemical composition of the materials in order to design a 
suitable model at the start of the refinement. 
The calculations to obtain the best-fit pattern are based on the least-square's 
refinements. The quantity of residual S, in the least-square's refinement, from equation 
(2), is to be minimised: 
Si = WS (yoi - yc1)2 
(2ý 
where wi = 1/yo;, yof is the observed intensity at the ih step and yci is the calculated 
intensity at the ih step. The intensity of each Bragg peak is calculated from the 
structure model using equation (1). The total calculated intensity y,, l at step i is the sum 
of calculated contributions from each of the n neighbouring Bragg peaks plus the 
background, written below:. 
yc, _ ZIPß(2e, -29) +vb, (3) 
where I,, is given by equation (1), P is an additional parameter which corrects for 
preferred crystallite orientation , ybi is the 
background intensity at the i`" step, and 
0(291 - 29) is the reflection function, which defines the shape of Bragg peaks and the 
amount of overlap between peaks. This function simulates instrumental effects, 
sometimes crystallite size, residual strain and aberration. The profile functions 
commonly used can be found in page 9 from (Young 1993). 
As has been noted, the Rietveld refinement process will adjust the refinable 
parameters until the residual Si in minimized. However, the users of the Rietveld 
method have developed several numerical R-values, such as R-structural factor, R- 
Bragg factor, R-pattern and R-weighted pattern, (relevant equations in page 22 of 
(Young 1993)), that report the calculation results at each cycle, making visual 
continual comparison between the calculated and the observed profiles, so that users 
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can judge whether the refinement is proceeding satisfactorily and when the refinement 
can be stopped. In our analyses, we use the "goodness-of-fit" indicator, S, as a 
criterion of fit, to evaluate the refinement: 
S=[Sjl(N-P)]"2 _Rwp/Rc (4) 
where Nis the sum of n terms, P is the number of parameters, N-P represents weighted 
sum of squared residuals, Rwp is the R- weighted pattern, Re is the R-expected. The 
value S should be as close as possible to unity, but not less than 1.00 (Otherwise, you 
have surely done something wrong). 
The software of Rietveld refinement used in this project was the Rietan 
program, developed by Izumi for Rietveld analysis of angle-disperse X-ray and 
neutron powder data (Izumi 1993). The starting model of the refinement of each 
investigated powder mixture was built depending on the crystallographic information 
in (Villars and Calvert 1991). During the refinement, the following assumptions were 
made: 
i) The zero shift and the instrumental parameters have been determined using the 
diffraction pattern of the most accurate standard material (Si640b) and then 
fixed; 
ii) The metallic site occupancy was fixed for all phases according to the 
stoichiometry; and 
iii) If the amount of a phase is lower than 2wt%, the phase is disregarded in the 
refinement. 
After a proper model is built, the phase abundance, composition and lattice 
parameters for different prepared powder mixtures can be determined by the Rietveld 
method. The results of these analyses are shown in the relevant experimental result 
sections. 
The quantitative phase analyses of multiphase samples involved in the 
experiments by the Rietveld method rely on the following relationship (Hill 1993): 
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W= 
SP (ZMv)p 
(5) Pn 
Es, (zMv), 
,., 
where Wp is the relative weight fraction of phase p in a mixture of n phases. S, Z, M 
and V are respectively the Rietveld scale factor, the number of formula units per unit 
cell, the mass of the formula unit (in atomic weight) and the unit cell volume (in A3). 
3.2.4 Particle size distribution and specific surface area 
Particle-size distribution and specific surface area were measured for the pure 
MgH2 milled for different periods of time (Section 4.1). The specific surface area is 
here defined as the total surface area per gram of solid. 
The measurement for particle-size distribution was performed in a Beckman 
Coulter LS 13 320 laser particle size analyzer with a multi-wavelength system 
incorporating a Polarization Intensity Differential Scattering (PIDS) technology, 
covering a size range from 0.04 to 2000µm. Three measurements were carried out for 
each sample. Particle size distribution can be displayed in several types of plot, and the 
mean particle size, D10, D50 and D90 values are then calculated automatically using the 
LS 13 320 software. Dso refers to the diameter below which there exist 50% of the 
particles, and (D90-Djo) expresses the range of particle sizes. 
The principle of a laser sizing analyser is simple. A laser light source is used to 
direct sample particles suspended in a liquid solvent flowing in a cell. The light 
scattered or diffracted by the particles is then detected by different types of sensors. 
Large particles scatter light strongly at low angles, whereas small particles scatter light 
weakly unless extremely high angles of measurement are reached. The intensity of 
light, measured as a function of angle on each detector, is then subjected to 
mathematical analysis using a complex inversion matrix algorithm. The result is a 
particle size distribution displayed as vol. % in discrete size classes. 
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The specific surface areas were determined by the BET technique using N2 
adsorption in a Beckman Coulter SA 3100 gas adsorption analyser at 100°C. Before 
analysis, samples were degassed under vacuum. The principles of the method are as 
follows: an adsorbate (gas) is added to the sample vessel in a series of controlled 
increments, the pressure in the sample vessel is measured after each dose. There is a 
direct relationship between the pressure and the volume of gas in the sample vessel. 
By measuring the reduced pressure in the vessel due to adsorption, the ideal gas law 
can then be used to determine the volume of gas adsorbed by the sample, resulting in a 
plot of volume of gas adsorbed vs. relative pressure at a constant temperature 
(adsorption isotherm). As gas pressure increases, coverage of gas molecules increases 
to form a monolayer around the particle, the BET equation is therefore used to 
calculate the surface area, details of which can be found in (LU and Lai 1998), p. 159. 
All the particle size and surface area analyses were performed at Meritics Ltd, 
Flockton, Wakefield, W. Yorks, UK. 
3.2.5 TG / DSC measurement 
TG (Thermogravimetry) measures the instantaneous mass of specimen as the 
test proceeds, displaying mass loss or gain as a function of temperature in the scanning 
model or as a function of time in an isothermal temperature. TG graphs are recorded 
using a thermal microbalance, shown in Fig. 3.4. The aim of using TG in this project 
was to investigate the hydrogen desorption kinetics (hydrogen release versus time) and 
capacities of the materials at different temperatures. 
Furnace 
Fig. 3.4 Schematic of a thermobalance 
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DSC (Differential Scanning Calorimetry) measurement plots the graphs of the 
differential rate of heating (in cal/sec) versus temperature. The area under the peak is 
directly proportional to the heat evolved or absorbed by the reacting sample, and the 
height of the curve is directly proportional to the rate of reaction. 
In a DSC apparatus, the sample holder assembly is placed in the centre of 
furnace, consisting of two holders. One is filled with sample (sample holder) and the 
other is usually left empty (reference holder). They are individually equipped with a 
resistance sensor. On a heating cycle, the differential-temperature controller 
automatically adjusts the power (connected to different heater) to heat up either the 
reference or sample holder to keep the temperature equal. The difference in the 
absorbed heat is recorded on the DSC curve. When there is no phase change in the 
sample, this difference is a constant value (a straight line) due to the sample holder 
absorbs more heat than the empty holder. A phase change will be either an 
endothermic or an exothermic reaction. This will alter the difference of heat 
absorption between the two holders, leading to a peak in the DSC curve. An 
endothermic change absorbs heat, showing a "negative" peak, oppositely, an 
exothermic change shows a "positive" peak. The amount of heat generated by the 
differential heaters per unit time is written as: 
P= 
ýQ=J2R 
(6) 
where P= power in Watts; Q= quantity of heat in Joules; I= current in Amperes; R= 
resistance in Ohms. So the average temperature of the two holders controlled by a 
separate average-temperature controller is put on the X-axis of a recorded chart and 
the difference in power supplied to the two different heaters is displayed on the Y- 
axis, usually calibrated in terms of calories per unit time. 
The DSC measurement in this study is to determine the starting desorption 
temperature and the temperature at which the highest reaction rate is obtained. The TG 
data collected simultaneously from the DSC measurement reflect the maximum 
hydrogen capacity in the material, as shown in Fig. 3.6a for the real-time TG/DSC 
graph of the (4MgH2+Fe) mixture milled for 60 hours. 
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Both DSC and TG measurement were carried out here using a Setaram Setsys 
16/18 TG/DSC system with a precise of 0.1µg during heating under a controlled 
atmosphere (hydrogen, argon or vacuum). The apparatus was operated by using the 
software "setsoft" and can simultaneously collect the TG and DSC signals. The 
operational temperature range is from room temperature to 1600°C. A small turbo 
pump was used in the system for high vacuum environment. The system is shown in 
Fig 3.5. 
1 
Fig. 3.5 A setaram Setsys 16/18 TG/DSC facility. 
In each experiment, 30-40 mg powder was used for both TG and DSC 
measurements. The heating rate of 30°C/min with 0.1 bar H2 pressure (for most 
experiments) and 50°C/min with continuous vacuum down to 10-6 bar (Figs. 4.3-top, 
4.14,4.33,4.34 and 4.35) were used for TG measurement in hydrogen desorption at an 
isothermal temperature. For DSC measurement, the heating rate of I0°C/min was used 
with temperature range from 30°C-500°C, and the measuring atmosphere is 0.1 bar H2 
pressure. Too high temperature would cause excessive magnesium evaporation. Other 
testing environments, vacuum and argon atmosphere, affected the collection of stable 
data in DSC measurements. The influences can be seen in Figs. 3.6a, b and c. The 
measurements were performed on the same sample of a (4MgH2+Fe) mixture milled 
for 60 hours. The mass increase in the measurement under argon may be due to the 
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reaction between the sample powder and impurity in argon gas. Slightly changing the 
hydrogen pressure, e. g. 0.1 to 0.2bar, didn't affect the data collection of DSC, it has 
been tested on the same specimen. 
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Fig. 3.6 Simultaneous real-time TG/DSC graphs of (4MgH2+Fe) mixtures milled for 60 hours, 
measured under: (a) 0.1 bar hydrogen; (b) vacuum (10"6 bar); and (c) argon. 
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CHAPTER 4: EXPERIMENTAL RESULTS 
4.1 Effect of Mechanical Milling on Hydrogen Desorption 
Characteristics of MgH2 
There are several factors that may influence hydrogen storage behaviour of 
magnesium. In order to clarify these, the effects of mechanical milling were first 
investigated in relation to powder refinement, desorption temperature / kinetics, and 
storage capacity of MgH2. SEM analysis was performed to identify the particle size and 
morphological variations due to milling. 
Mechanical milling is known to effect considerable reduction in particle size. 
This is indeed the case for MgH2. Fig. 4.1 shows the size and morphology of MgH2 
particles after mechanical milling up to 60 hours with the milling conditions described 
in Chapter 3. The as-received powder is noted to be about 50 µm in diameter and is very 
irregularly shaped. Milling for 20 hours resulted in a substantial reduction in the particle 
size. There seems a "bi-modal" distribution of the particles. Most of the fine particles 
are around 0.1- 0.3 µm, whereas some large particles of 2-5 µm also exist, Fig. 4.1(b). 
Further milling up to 60 hours does not seem to introduce significant additional 
refinement of the particles, apart from rounding up the particle edges. As particle 
surface morphology may also be important to hydrogen activities, the effect of milling 
on the surface structure is clearly shown in Fig. 4.2 at relatively high magnifications. 
The particle surfaces after 20 hours of milling seem very flaky, Fig. 4.2 (a), and are 
heavily decorated by many nano-sized particles, Fig. 4.2(b). However, rather spherical 
particles are evidently seen after 60 hours of milling, Fig. 4.2(c). 
Structural characterisations by XRD were not performed for these hydride 
samples, as these were extensively carried out in the chemically alloyed samples 
reported in the following sections. 
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Fig. 4.1 SEM micrographs showing the effect of mechanical milling on particle size and morphology 
of MgH2: a) as-received; b) milled for 20 hours; and c) milled for 60 hours. 
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Fig. 4.2 High magnification SEM micrographs of MgH2 showing further details of fine powder 
particles: a) & b) milled for 20 hours; and c) milled for 60 hours. 
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(a) MgH2 milled fir 20 hours 
(b) MgH, milled for 20 hours 
(c) MgH, milled for 60 hours 
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As a first attempt to evaluate the desorption characteristics of the hydrides, Fig. 
4.3 compares the weight-loss behaviour of MgH2 at 300°C and 350°C , respectively, 
during dehydrogenation (TG test). It is clear that 300°C was too low to release a 
sufficient amount of hydrogen in both the as-received and the 20-hour milled samples. 
On the other hand, mechanical milling does show a small level of enhancement in the 
release of hydrogen. As activation energy for boundary/surface diffusion is usually 
lower than that for bulk diffusion, it is likely that the small amount of released hydrogen 
is associated with the powder surfaces. Milling reduces the size of powder particles, as 
shown in Fig. 4.1, and hence leads to an increased amount of released hydrogen. 
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Fig. 4.3 Weight loss of MgH2 during dehydrogenation under vacuum as a function of time for 
the as-received and mechanically milled MgH2 powders: top - at T=300°C; and bottom -T= 
350°C. 
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In order to identify the effective temperature for hydrogen release, simultaneous 
Thermogravimetry and Differential Scanning Calorimetry (TG/DSC) experiments were 
carried out. Figs. 4.4 and 4.5 illustrate the TG and the DSC curves, respectively for the 
as-received and the milled MgH2 samples. It is evident from both figures that the as- 
received sample was stable up to about 420°C. The milling reduced effectively the 
desorption temperature by about 50-60°C for the milled samples tested. However, 
increasing milling time from 20 to 60 hours did not seem to cause any further reduction 
in the desorption temperature under the current milling conditions. Once the effective 
desorption temperature is reached, the total amount of hydrogen released in the samples 
is more or less the same, Fig. 4.4, which probably represents the true reversible content 
of hydrogen in the as-received hydride, of about 6wt%. The difference from the nominal 
value of 7.6wt% is likely due to the small amount of residual Mg in the hydride and/or 
an insufficiently charged hydride, MgHX (x<2). 
However, the peak (note: strictly speaking, it is a "trough"; but "peak" is most 
commonly used for both exothermic and endothermic cases) for the 60-hour milled 
sample is sharper than that of the 20-hour milled sample, which means a more rapid 
reaction rate was involved with the 60-hour milled sample at the peak temperature of 
about 380°C due to further modification from the mechanical milling. 
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Fig. 4.5 DSC traces of the MgH2 milled for 10,20 and 60 hours under argon (an ambient pressure of 
0.1 bar hydrogen was used to stabilise the analysis of the samples). 
Particle-size distribution and specific surface area of the milled MgH2 were 
measured to further study the milling effects on hydrogen desorption of MgH2. Fig. 4.6 
compares the particle distribution of the as-received powder sample with those milled 
for 10,20 and 60 hours, respectively. The Dso value is also shown in the figure as a 
vertical line. Table 4.1 gives the values of D50 and (D90-D jo). Fig. 4.7 compares the 
mean particle sizes and the specific surface areas for the samples. The as-received 
particles exhibit a reasonable "normal" distribution, with the D50 value of 51 µm, which 
is very close to the average size of 52.4µm, and also the nominal value of 50µm 
provided by the supplier. After milling for 10 hours, the overall distribution of the 
particles extends to the small size range, there is a trend towards "bi-modal" sizes. The 
Dso is reduced to about 3µm, whereas the mean particle size is around 10µm. Further 
milling to 20 hours does not alter the overall distribution of the particles significantly, 
Fig. 4.6, but the "bi-modal" phenomenon is more pronounced. It further reduced the Dso 
value to about 2µm and the average size to 7µm, the (Dgo-Djo) value is also slightly 
smaller. After 60 hours of milling, the size distribution again does not show much 
variation. The D50 value seems to increase a little to 2.1µm, and so does the average 
particle size to 9.1µm and the (Dgo-D jo) value to -27µm. The observations indicate that 
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a small level of particle agglomeration and/or cold welding occurred after a long period 
of milling. 
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Fig. 4.6 Particle size distributions for the as-received MgH2 and the mechanically milled 
MgH2 for 10,20 and 60 hours. Vertical lines refer to mean D;, ) diameter. 
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Table 4.1 Mean values of D50 and (D90-D10) related to the particle size distribution of 
MgH2 milled for different periods of time. 
Milling time (hour) Dso (pm) D90-D1o (pm) 
0 50.91±0.72* 64.41±0.06 
10 2.65±0.07 29.98±2.38 
20 2.02±0.13 28.49±2.56 
60 2.10±0.03 27.33±0.76 
* Standard deviation 
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Fig. 4.7 Mean particle sizes and specific surface areas of MgH2 powder as a function of milling 
time. 
Moreover, the particle size reduction is accompanied by rapid increase in the 
specific surface area up to 20 hour of milling, Fig. 4.7, and there is a relatively slow 
increase between 20-60 hours of milling, though the mean particle size seems to have 
increased slightly during this period due to particle agglomeration. The agglomerated 
particles also possess "interfaces" which contribute to the graduate increase of the 
specific surface area by the BET measurement. 
4.2 Effects of Chemical Additions on Hydrogen Storage Properties 
The above section clearly shows that 20 hours of milling is sufficient to realise 
most of the beneficial effect from mechanical milling. In this continued study, the 
influences of selected chemical additions M (= Al, Ti, Fe, Ni, Cu and Nb) were 
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investigated, using the 20 hours as the standard milling time for this group of samples. 
The elements were selected according to the electronic simulation studies in the 
research group (Song et al. 2003) 
There are, at least, two possible effects by a chemical element: surface catalysis 
and solid solutioning (or alloying), which are often not clearly distinguished in the 
literature. The catalytic and alloying effects of these chemical elements on hydrogen 
desorption of MgH2 were evaluated. Particular attention was also paid to their structural 
stability and phase changes during milling. The systems involved were (Mg + 
8mol%M) and (MgH2+8mol%M) (M = Al, Ti, Fe, Ni, Cu, or Nb), hereafter, termed as 
(Mg+M) and (MgH2+M), respectively. The Mg and MgH2 powders were used to clarify 
the beneficial effects of the hydride on mechanical milling and dehydrogenation 
properties. The composition was selected in order to provide sufficient alloying effect, 
but without increasing too much the alloy density. 
For each experiment, an alloying element M (M= Al, Ti, Fe, Ni, Cu and Nb) was 
mixed with MgH2 to the designated composition of 8mol% and then mechanically 
milled for 20 hours. The other milling conditions were described in the last chapter. For 
all the experiments, the structure of the samples was characterised by XRD, Rietveld 
method and SEM techniques. Dehydrogenation of the mixtures was investigated by 
thermogravimetry (TG). The results are discussed in term of phase formation, 
crystalline structural evolution and dehydrogenation kinetics. 
Moreover, in order to distinguish whether the catalytic or the solid-solutioning 
effect is more pronounced when a chemical element is added to MgH2, a sample of 
MgH2, after being milled for 20 hours, was simply mixed (not mechanically alloyed) 
with 8mol% Ni powder for 1 hour in a Spex mill with a ball-to powder weight ratio of 
10: 1 (to give a uniform mixing). The dehydrogenation characteristics of the mixed 
sample were analysed using TG and simultaneous TG/DSC. The results were compared 
with the mechanically alloyed (MgH2 +8mol%Ni) powder. 
4.2.1 Crystal structure: X-ray diffraction 
Fig. 4.8 shows the evolution of X-ray diffraction patterns of (Mg+M) mixtures 
mechanically alloyed for 20 hours. New diffraction peaks are noted and the 
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corresponding phases have been identified for each system. It is important to note that 
the main diffraction peaks of Mg are shifted to higher angles, indicating a reduction in 
the lattice parameters and solid solutioning of the additive metal into the Mg lattice. 
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Fig. 4.8 XRD patterns of mechanically alloyed (Mg+M) (M=Al, Ti, Fe, Ni, Cu and Nb) mixtures 
after 20 hours of milling at 252 rpm. 
Apart from the formation of a (Mg, M) solid solution in the mixtures, it was 
found that milling Mg with Ni and Cu led to the formation of Mg2Ni and Mg2Cu 
phases, with the presence of free Ni and Cu residues, respectively. When mixing Mg 
with Al, the formation of a Mg17A112 phase was observed with the disappearance of the 
elemental Al. However, milling Mg with Nb led to the formation of a (Nb, Mg) bcc solid 
solution with some residue of pure Nb, while there were no new phases observed in the 
milled (Mg+Fe) and (Mg+Ti) mixtures. It is expected that the formation of such a multi- 
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phase composite material and a solid solution of (Mg, M) could improve the kinetics of 
MgH2. The distabilizing effect is directly associated with a volume contraction of the 
crystal, which in turn may reduce the decomposition temperature of the hydride, of 
benefit to practical applications. Further investigation of the effect of mechanical 
alloying on the dehydrogenation properties of the (MgH2 +M) systems was carried out. 
Fig. 4.9 shows the evolution of X-ray diffraction patterns of (MgH2+M) (M=A1, 
Ti, Fe, Ni, Cu, Nb) mixtures. The XRD patterns show the existence of new diffraction 
peaks, which were identified for each system. It is also noted that the diffraction peaks 
of the major phase, MgH2, became broad and their intensities decreased as a result of 
the reduction of particle sizes and/or accumulation of mechanical strains during milling. 
Qualitative and quantitative phase analyses using the Rietveld method were 
performed based on the XRD patterns of the (MgH2+M) mixtures in Fig. 4.9. The 
starting model of the refinements was constructed according to the crystallographic 
information in Ref. (Villars and Calvert 1991). 
The XRD pattern of the as-received MgH2 powder (Fig. 4.9a) shows the presence 
of pure Mg and Rietveld analysis indicates its average content is about 2wt% rather than 
the nominal value of 5wt%. Milling MgH2 with Ti and Ni led to the formation of two 
hydrides, TiH2 and Mg2NiH4, respectively, as observed in the XRD patterns, Figs. 4.9c 
and 4.9e. An MgCu2 compound was formed when Cu was added (Fig. 4.90. Some 
elemental Ni and Cu were also detected in the relevant mixtures, and the average 
content of the remaining elemental crystal was about 18wt% as shown by the Rietveld 
analysis in Table 4.2. The values are slightly higher than the initial values of the added 
elements in weight percentage (Note again: the nominal concentration of the alloying 
element is 8 mole % in all cases); this "anomaly" is very likely due to the preferential 
sticking of the very fine MgH2 particles in the milling media, which alters the chemical 
composition of the final (loose) powder mixture. When mixing MgH2 with Nb, a new 
bcc phase, here written as Bcc', was formed with the disappearance of the elemental Nb 
(Fig. 4.9g), which will be further investigated in Section 4.3. However, no new phase 
was observed when MgH2 was milled with Fe (Fig. 4.9d) or Al (Fig. 4.9b). The 
formation of multiphase materials, with the presence of at least two hydrogen-absorbing 
phases (including MgH2 as a major phase), extends the scope for tailoring the 
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decomposition temperature and kinetics by means of the complementary characteristics 
of the hydrides. The non-hydrogen absorbing phase, e. g. MgCu2, may not be beneficial 
to hydrogen storage. 
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Table 4.2 XRD Rietveld analysis of mechanically alloyed (MgH2+M*) mixtures 
(* M=Al, Ti, Fe, Ni, Cu and Nb) 
MATERIALS "S" # LATTICE PARAMETER (A) 
PHASE 
CON 
HASE 
t%) 
a bc v(Ä) 
MgH2 powder ß-MgH2 : 4.518(0)1 - 3.022(0) 61.67(0) 
ß-MgH2 = 97.96 
(As-received) 4.39 Mg: 3.211(1) - 5.217(3) 46.59(3) Mg = 2.04 
+ Al ß = 
Y 
(t--20h) 2 01 MgH2 4.513(2) 5.447(4) 4.920(3) 120.78(6) 
5.70 y-MgH2 
Al: 4.695(0) -- 68.17(3) 
Al = 21.14 
ß-MgH2 : 4.509(1) 3.018(1) 61.36(3) ß-MgH2 = 70.60 M9H2 + Ti 1.69 Mg : 3.206(4) - 5.204(4) 46.31(9) 
Mg =5.30 
(t--20h) y-MgH2: 4.564(0) 5.431(0) 4.939(0) 122.42(0) y-MgH2= 5.26 
TiH2: 4.443(4) -- 87.80(4) 
TiH2= 18.84 
MgH2 + Fe ß-MgH2 : 4.517(1) - 3.014(1) 61.49(3) 
ß-MgH2 = 75.94 
(t--20h) 1.68 y-MgH2: 4.259(6) 5.855(2) 5.155(9) 128.4 (4) Y-MgH2= 7.70 
Fe: 2.864(1) -- 23.48(1) 
Fe= 16.35 
MgH2 + Ni ß-MgH2: 4.514(1) 3.014(1) 61.38(3) g 
- (t--20h) 
1.73 y-MgH2: 4.259(0) 5.845(0) 5.156 (0) 128 35(0) 5.83 H2 = YM 
Ni: 3.522(1) -- 43.68 (2) 
Ni= 18.11 
Mg2NiH4: 6.497(0) 6.412(0) 6.603(0) 274.64(0) Mg2NiH4=4.39 
ß-MgH2: 4.513(1) - 3.017(1) 61.45(4) 
ß-MgH2=68.71 
MgH2 + Cu 
1 56 Y-MgH2: 4.301(15) 5.860(33) 4.936(17) 124.4(9) y-MgH2=8.97 (t--20h) . MgCu2: 7.041(4) -- 349.0(4) 
MgCu2=3.68 
Cu: 3.616(1) -- 47.30(3) 
Cu= 18.64 
MgH2 +Nb 1 76 ß-MgH2 4.521(2) - 3.014(1) 61.60(4) 
ß-MgH2=69.96 
' (t--20h) . Bcc': 3.432(0) -- 40.44(1) Bcc =30.04 
#: Goodness-of-fit. 
§: Values indicated in brackets represent the estimated standard deviation 
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Moreover, it is also noted that during MA of the (MgH2+M), a certain amount of 
ß-MgH2 phase transformed into the high-pressure y-MgH2 phase (orthorhombic 
structure). As seen in Table 4.1, the amount of the y-MgH2 seems to vary slightly with 
the type of the alloying element in the mixture: the highest amount was obtained in the 
(MgH2+Cu) (around 9 wt%) and the lowest in (MgH2+Nb) (less than 2 wt%, the phase 
is disregarded in the refinement), 
Rietveld analysis of the mechanically alloyed powders has also been carried out 
to determine variation of the lattice parameter and the phase ratios with the added metal. 
The results are reported in Table 4.2. It is noted that the unit cell volume of MgH2 is 
reduced to various extents with the different alloying elements (Fig. 4.10). The largest 
volume contraction of MgH2 is in the (MgH2 +Ti) and (MgH2 + Ni) mixtures, followed 
by the mixture with Al, Cu, Fe and Nb, respectively, which indicates that a certain 
amount of the elements has been dissolved into MgH2. 
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Fig. 4.10 Evolution of unit cell volume of MgH2 in the mechanically alloyed (MgH2+M) 
(M=Al, Ti, Fe, Ni, Cu and Nb) mixtures versus the atomic radii of the alloying elements. 
4.2.2 Comparison of microstructure 
The particle morphology and size of the milled (MgH2+M) and (Mg+M) (M=A1, 
Ti, Fe, Ni, Cu and Nb) mixtures were compared in SEM images, along with the as- 
received elemental MgH2 and Mg powders, Figs. 4.11-4.13. It is clearly noted that due 
to high-energy milling, particle sizes were considerably reduced in both types of 
61.8 
61.7 
61.6 
61.5 
61.4 
61.3 
61.2 
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mixtures, Nanometer-scale particles were obtained in the (MgH2+M) mixtures due to 
the brittle hydride, while relatively large particles were observed in the (Mg+M) 
mixtures. In contrast to (Mg+Al), (Mg+Fe), (Mg+Ni), (Mg+Cu) and (Mg+Nb) 
mixtures, the (Mg+Ti) system shows relatively large particles, which may be attributed 
to the high strength / hardness and also the large starting particle size of the as-received 
Ti powder. 
Fig. 4.11 SEM images of. a) the as-received MgH2 and b) Mg powders. 
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4.2.3 Dehydrogenation of mechanically alloyed mixtures 
The maximum hydrogen desorption capacities and kinetics of the alloyed 
samples at T=300°C under vacuum (2.5 x 10-6 bar) are shown in Fig. 4.14, which 
may be compared with those of the as-received MgH2 and the MgH2 milled under 
identical conditions to the mixtures, Fig. 4.3 (top). The mass loss reaches the 
equilibrium state within a short period of time, around 15 minutes at 300°C. The 
hydrogen desorption capacity of the mechanically alloyed (MgH2+M) mixtures 
varies considerably from one type of element to another. The highest amount of mass 
loss was found in (MgH2+Ni) (7.7wt%), followed by (MgH2+Al) (5.7wt%), 
(MgH2+Fe) (5.3wt%), (MgH2+Ti) (2.6wt%), (MgH2+Nb) (2.6wt%) and (MgH2+Cu) 
(1.7wt%). It is important to note that at 300°C, both the as-received MgH2 and the 
milled MgH2 only show a relatively low desorption capacity, 0.5 and 1.4wt%, 
respectively. The alloying elements evidently improved the level of hydrogen 
desorption at 300°C. 
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Fig. 4.14 Weight loss during dehydrogenation with time at T=300°C under vacuum for 
mechanically alloyed (MgH2+M) (M=Al, Ti, Fe, Ni, Cu and Nb) mixtures. 
The kinetics of desorption varies with the type of the alloying elements. The 
addition of Ni shows the highest kinetics, with maximum hydrogen desorption, 
followed by Al, Fe, Nb, Ti and finally Cu, whereas both the as-received MgH2 and 
the milled MgH2, show relatively slow kinetics compared with the alloyed mixture. 
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The sudden weight rise at the beginning of the kinetic curves may be due to re- 
impacting of some gaseous molecules on the crucible and crucible support under 
vacuum conditions (<10-6 bar) with the high heating rate of 50°C/min, and to a small 
level of oxidation of fresh surfaces of metal powders by residual oxygen in the 
atmosphere. The slight weight loss before the first "abnormal" plateau observed in 
the desorption curves of the mixtures is resulted from the evaporation of moisture in 
the materials below 100°C. However, the kinetic trend can be clearly seen here. 
4.2.4 Catalytic vs. solid solutioning effect 
In order to distinguish further whether the catalytic or the solid-solutioning 
effect is more pronounced when Ni is added to MgH2, the pure MgH2 powder milled 
for 20 hours was simply mixed with Ni for 1 hour in a SPEX ball mill, the XRD 
pattern of the mixed powder, Fig. 4.15, shows no alloy formation, only existence of 
the parent MgH2 and Ni. Fig. 4.16 presents comparatively the DSC traces of. a) 
MgH2 mixed with Ni; b) MgH2 mechanically alloyed with Ni; c) MgH2 simply 
milled for 20 hours without any chemical addition; and d) as-received MgH2 powder. 
It is interesting to note that the MgH2 mixed sample with Ni shows two desorption 
peaks, the first around 310°C and the second 390°C. Particularly, the first peak is 
close to that of the MgH2 mechanically alloyed with Ni, whereas the 2"d peak almost 
coincides with that of the simply milled MgH2 without any chemical addition. This 
"twin-peak" phenomenon in the MgH2 mixed with Ni is an indication that the Ni 
particles are not uniformed distributed in the sample: some of the MgH2 particles are 
well catalysed by Ni particles, hence decomposing at a lower temperature around the 
first peak, and others are almost not catalysed by Ni, hence decomposing at a similar 
temperature to the simply milled sample. It may also be noted that the MgH2 sample 
mixed with Ni, curve a, is capable of desorbing hydrogen from 240°C onwards, 
similar to the MgH2 mechanically alloyed with Ni, curve b, though the 
corresponding desorption peak of the former mixture is much shallower and a little 
wider than the latter. This means that the dominant effect of Ni on MgH2 desorption 
is catalytic, rather than solid-solutioning. 
Fig. 4.17 shows the simultaneous TG curves to the DSC curves in Fig. 4.16. 
Here, it is clear that the desorption is slower and the total amount of desorbed 
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hydrogen is less in the Ni mixed sample than in the Ni alloyed one, until when the 
temperature is above 400°C. To further clarify this point, Fig. 4.18 compares the TG 
curves of the Ni mixed and the Ni alloyed samples at a constant desorption 
temperature of 300°C under 0.1 bar H2 pressure. The total amount of released 
hydrogen in the mixed sample is far less than in the alloyed sample, and the releasing 
kinetics of the mixed sample was also slower than the alloyed one. 
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4.2.5 Summary 
In this section, systematic investigation of (Mg1MgH2+8mol%M) powder 
mixtures (M=A1, Ti, Fe, Ni, Cu and Nb) was reported in order to identify the most 
effective chemical element on hydrogen desorption properties and the relevant 
structural information. 
XRD and Rietveld analyses reveal that solid solutioning of M into Mg 
occurred in the (Mg+8M) mixtures. The formation of new phases, Mg2Ni and Mg2Cu 
compounds, Mg12A117 and a (Nb, Mg) bcc solid solution have also been identified for 
the specific systems involved. The formation of such multi-phase materials may 
improve the kinetics, e. g. by enhanced inter-phase boundary diffusion. 
For the hydride mixtures, (MgH2+8M), mechanical milling leads to the 
formation of new phases: Mg2NiH4, TiH2, MgCu2 and a (Nb, Mg)H,, bcc solid 
solution, respectively in (MgH2+Ni), (MgH2+Ti), (MgH2+Cu) and (MgH2+Nb). 
Elemental Al, Fe, Ni or Cu existed in the relevant mixtures even after 20 hours of 
milling. The observed volume contraction of MgH2, although small, was due to the 
formation of the (Mg, M)H,, (,, Q) solid solution, which may lower the dissociation 
temperature of the hydride (needs to be further investigated). Dehydrogenation at 
300°C clearly shows the beneficial effect of the alloying elements on both kinetics 
and the level of hydrogen desorption. The degree of such effect decreases from Ni, 
Al, Fe, Nb, Ti, to Cu. 
Further comparison of the desorption characteristics of MgH2 mixed and 
mechanically alloyed with 8mol%Ni, respectively, clearly shows that the effect of Ni 
on the desorption temperature is mainly catalytic, rather than solid-solutioning, 
although the latter does change the hydrogen storage properties of MgH2. 
SEM observations show that very fine particles exist; some are even of 
nanometer size. Grain refinement is particularly effective when MgH2 is used, which 
should greatly improve the absorption/desorption properties of the obtained 
materials. 
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4.3 Coupled Effects of Mechanical Milling and Chemical Addition - 
on structural stability and dehydrogenation of (MgH2/Mg+Nb) and 
(MgH2+Al) mixtures 
To further clarify the effect of mechanical milling coupled with a chemical 
alloying element, a series of milling experiments were conducted involving Mg or 
MgH2 mixed with one of the two elements: Nb or Al (IOwt% in each case). Nb is a 
bcc transition element and forms two types of hydrides, NbH,, (x<0.9) with a bcc 
structure and NbH2 with an fcc structure (Esayed and Northwood 1992), while Al is 
an fcc light metal and does not form any stable hydride at normal conditions. Both 
elements have similar "atomic size". So it is interesting to compare the 
thermodynamic and kinetic modifications when milling MgH2 with a typical 
transition metal (Nb) and a non-transition metal (Al). It is also expected that MA of 
MgH2 with both Nb and Al can lead to the formation of (Mg, Nb)H,, and (Mg, Al)HX 
hcp solid solutions. The dissolution of both Nb and Al into Mg should destabilise the 
Mg hydride and so reduce its decomposition temperature. 
4.3.1 Effects of MA on microstructure: SEM analysis 
SEM was used for qualitative microstructural investigation of the milled 
powder including particle morphology and size. Figs. 4.19 and 4.20 compare the 
particle morphologies of the as-received powders (see Fig. 4.11 for as-received Mg 
and MgH2) with the mechanically alloyed powders milled for 10 hours, respectively. 
It is clearly noted that both the (Mg+IONb) and the (MgH2+IONb) mixtures show 
considerable particle size reduction after 10 hours milling. Nano- particles were also 
produced when MgH2 powder was used. It is believed that the relatively hard and 
brittle hydride mechanically assisted the breaking of all the particles in the powder 
mixture. Some agglomerates of very fine particles were also formed in the (MgH2 + 
IONb) mixture (Fig. 4.20 c), whereas welded particles are obtained in the 
(Mg+IONb) mixture (Fig. 4.20b). A high magnification SEM image of the (MgH2 
+10 Nb) mixture milled for 10 hours reveals that the particles in the nano-meter scale 
were dispersed on the surface of relatively large particles or agglomerates of other 
fine particles (Fig. 4.20d). 
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Fig. 4.21 shows the SEM images of the (Mg+IONb). (MgH2+IONb) and 
(MgH2+lOAI) mixtures milled for 20 hours. Particle sizes of the (MgH2+IONb) and 
(MgH2+1OAI) mixtures were significantly reduced to 100-300 nm, and further 
confirmed the result that the brittle hydride largely assisted the breaking of all the 
particles in these hydride mixtures, compared to the (Mg +I ONb) mixture. 
In order to clarify the distribution of Nb particles in the (MgH2+I ONb) mixture 
after 20 hours of milling, X-ray dot map analysis was carried out on the particles 
embedded in a resin holder and polished slightly, as shown Fig 4.22. It is noted that the 
Nb particles still have a relatively large size compared to MgH2 particles after 20 hours 
milling. Some MgH2 particles exhibited elemental overlap between Mg and Nb, 
indicating that a certain level of alloying or mixing occurred between Nb and Mg or 
MgH2. It also shows that some nanometer MgH2 particles are located around the Nb 
particles, but not alloyed with Nb; the Nb may play a catalytic role or form an interface 
between MgH2 and Nb to enhance the hydrogen desorption of MgH2. 
Fig. 4.22 X-ray dot maps of the (MgH2+I ONb) powder mixture milled for 20 hours. 
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4.3.2 X-ray diffraction analyses 
Fig. 4.23 shows a series of X-ray diffraction patterns of the (Mg+lONb) mixture 
with milling time. It is noted that even after 2 hours of milling, new diffraction peaks, 
marked by ". ", exist. With increasing milling time, the intensities of the newly formed 
peaks increase while those of the elemental Nb decrease. The newly formed peaks are 
best indexed to a bcc structure, hereafter termed as Bccl, to distinguish it from the bcc 
Nb. With increasing milling time, the peak intensities of the Bccl increased while those 
of the bcc Nb decreased. After 20 hours of milling, the XRD diffraction shows the 
presence of only two phases, Mg and the newly formed bcc phase, there is no trace of 
elemental Nb. Moreover, the diffraction peaks were broadened due to particle size 
reduction and strain accumulation during milling. 
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Fig. 4.23 Evolution of XRD patterns of the (Mg+IONb) mixture with milling time. 
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Similar to the (Mg + Nb) mixture, only after 2 hours of milling, the XRD pattern 
of the (MgH2 + Nb) mixture (Fig. 4.24) shows the existence of new diffraction peaks, as 
marked by "*", which can also be indexed to a bcc structure, hereafter termed as Bcc2 
(it was termed as Bcc' in Section 4.2.1). The amount of Bcc2 phase increases with 
milling time until the complete disappearance of elemental Nb peaks. Moreover, there 
also appear two additional new peaks after 10 hours of milling, which can be attributed 
to y-MgH2. 
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Fig. 4.24 Evolution of XRD patterns of the (MgH2+1ONb) mixture with milling time. 
Furthermore, a rich-Nb mixture, with 50wt%Nb, was prepared for comparison. 
The XRD pattern of the (MgH2 + 50Nb) mixture milled for 20 hours (Fig. 4.25) shows 
the formation of a "composite" material containing only MgH2 and the intermediate 
Bcc2. None of the Mg and Nb peaks has been found in the pattern. 
For the (MgH2+10A1) mixture, Fig. 4.26, milling up to 2 hours led to little 
change of the phase structures. All the elemental constituents were still identifiable, 
apart from the appearance of the weak y-MgH2 peaks. With further increase in milling 
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time, the diffraction peaks of the original constituents were broadened and their 
intensities decreased, due to particle size reduction and strain accumulation. Moreover, 
the XRD patterns show clearly that Al diffraction peaks shift to lower angles with 
increasing milling time, which indicates a lattice expansion. Further analyses of the 
crystal structure using the Rietveld method were undertaken to clarify this point. 
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Fig. 4.26 Evolution of XRD patterns of the (MgH2+IOAI) mixture with milling time. 
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4.3.3 Rietveld refinement 
Quantitative XRD analysis carried out on the mechanically alloyed (Mg+Nb) 
mixture (Table 4.3) confirms the formation of the Bccl phase. Its amount increases in 
detriment to elemental Nb. It is also noted that the lattice parameter of the Bccl phase is 
greater than that of elemental Nb, (Aa/a) is about 3.94% after 20 hours milling. 
Moreover, the lattice parameter does not seem to vary with milling time, only the 
amount changes. This means that the newly formed Bccl phase is likely to be a (Nb, 
Mg) solid solution and that the maximum solid solubility of Mg in Nb has been reached 
at the particular set of milling conditions. 
Quantitative Rietveld XRD analysis carried out on the (MgH2+Nb) mixture 
confirms the formation of the Bcc2 phase, Table 4.4. It also showed that the as-received 
MgH2 contained 2.04wt% Mg, instead of the 5wt% nominal value. Both the lattice 
parameters of the ß-MgH2 and the phase composition of the initial mixture varied with 
milling time. The unit cell volume of ß-MgH2 reduced from 61.67 A3 in the original 
powder to 61.45 A3 after 20 hours of milling. The unit cell volume of the newly formed 
Bcc2 only changed slightly during milling. It is clearly shown that with increasing 
milling time, the amount of the Bcc2 increases, while both ß-MgH2 and Nb decrease. 
The phase proportion of the 20h-milled mixture is 80.7% ß-MgH2,7.9% y-MgH2 and 
11.4% Bcc2. 
Table 4.5 shows the Rietveld analysis of the (MgH2 + 5ONb) mixture milled for 
20 hours, indicating that the amount of the Bcc2 phase is 66.5wt%, higher than that of 
the ß-MgH2,33.5wt%. 
For the (MgH2+10A1) mixture, the results of the Rietveld analysis are reported 
in Table 4.6. There is little change in the lattice parameters of the MgH2 phase, though 
the phase ratios were well modified. The relative amount of the "free" Al was found to 
increase while MgH2 decreases with the formation of the high-temperature y-MgH2 
phase. The phase composition of the mixture after 20 hours of milling is 73.1% ß- 
MgH2,5.7% y-MgH2 and 21.2% Al. Moreover, the Al diffraction peaks shift to lower 
angles with a longer milling time, indicative of a lattice expansion. 
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Table 4.3 XRD Rietveld analysis of the (Mg+1ONb) mixture 
MATERIALS "S" LATTICE PARAMETER (A) PHASE 
CONTENT (wt%) 
abcv (A3) 
Mg 
(as-received) 2.82 3.207(0)* - 5.206(0) 46.46(0) - 
Nb 
1.89 3.298(1) -- 35.88(0) (As-received) 
Mg + lONb 1.59 Mg : 3.209(0) - 5.210(0) 46.45(1) Mg = 93.83 
(t--2h) Bccl: 3.422(1) -- 40.08(3) Bccl =2.00 
Nb: 3.311(1) -- 36.31(2) Nb=4.17 
Mg + IONb 1.48 Mg: 3.208(0) - 5.208(1) 46.42(1) 
Mg= 89.76 
(t=10h) Bccl: 3.417(1) -- 39.90(1) 
Bccl=6.03 
Nb: 3.313(1) -- 36.35(2) Nb =4.21 
Mg + IONb 
88 Mg : 1 3.205(0) - 5.203(1) 46.28(1) Mg = 89.50 (t--20h) . Bccl: 3.428(1) -- 40.29(1) Bcc1=10.50 
": Goodness-of-fit. 
*: Values indicated in brackets represent the estimated standard deviation 
Table 4.4 XRD Rietveld analysis of the (MgH2+lONb) mixture 
MATERIALS "S" LATTICE PARAMETER (A) PHASE 
CONTENT (wt%) 
ab C V (A) 
MgHZ ß-MgH2 : 4.518(0)* - 3.022(0) 61.67(0) ß-MgH2 = 97.96 
(As-received) .9 Mg: 3.211(1) - 5.217(3) 46.59(3) Mg=2.04 
MgH2 +l ONb ß-MgH2 : 4.512(0) - 3.018(0) 61.43(1) ß-MgH2 = 91.14 
(t--2h) 2.97 Mg : 3.207(0) - 5.206(0) 46.36(0) Mg = 4.20 
Bcc2: 3.426(1) - - 40.22(3) Bcc2 = 2.34 
Nb : 3.309(1) - - 36.24(2) Nb = 2.32 
MgH +IONb 
ß-MgH2 : 4.511(1) 3.015(1) 61.34(2) ß-MgH2= 89.98 
B 2= 9 21 Z 2.67 Bcc2: 3.430(1) 40.37(1) cc . (t=10h) Nb: 3.307(4) - - 36.17(8) Nb = 0.82 
MgH2+lONb 2.34 ß-MgH2 : 4.514(1) - 3.016(1) 61.45(2) 
ß-MgH2 = 80.70 
(t=20h) y-MgH2: 4.56(1) 5.43(2) 4.94 (1) 122.4(6) y-MgH2 = 7.89 
Bcc2: 3.433(1) -- 40.46(1) Bcc2 = 11.41 
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Table 4.5 XRD Rietveld analysis of the (MgH2+5ONb) mixture 
MATERIALS "S" LATTICE PARAMETER (A) PHASE 
CONTENT (wt%) 
abc v(A) 
MgH2 +5ONb ß-MgH2 : 4.513(2) - 3.015(2) 61.40(5) 
3-MgH2 = 33.51 
(t--20h) 2.04 Bcc2 3.431(0) -- 40.40(0) 
Bcc2 =66.49 
Table 4.6 XRD Rietveld analysis of the (MgH2+10AI) mixture 
MATERIALS "S" LATTICE PARAMETER (A) PHASE 
CONTENT (wt%) 
abc v(A 
MgH22 ß-MgH2: 4.518(0) - 3.022(0) 61.67(0) 
ß-MgH2 = 97.96 
(as-received) 4.39 Mg: 3.211(1) - 5.217(3) 46.59(3) 
Mg = 2.04 
Al, 
(as-received) 
2.08 Al: 4.047(0) -- 66.27(0) - 
MgH2+IOAI 44 3 
MggHZ ß-Mg - 
. 3.211(0) - 5.217(0) 46.59(0) 5.86 Mg (t--2h) y-MgH2 : 4.562(5) 5.420(0) 4.917(0) 121.56(14) y-MgH2 = 1.27 
Al: 4.052(1) -- 66.54(2) Al = 14.84 
MgH2+l OA1 
28 2 
ß-MgH2 : 4.520(1) - 3.019(0) 61.67(2) ß-MgH2 = 81.85 
(t=1 Oh) . y-MgH2 : 4.534(4) 5.420(0) 4.917(0) 120.81(12) y-MgH2 = 4.42 
Al: 4.055(1) -- 66.66(2) Al = 14.84 
MgH2+1 OAI 31 2 ß-MgH2 : 4.512(1) - 
3.017(1) 61.43(2) ß-MgH2 = 73.06 
(t--20h) . y-MgH2: 4.511(6) 5.445(7) 4.917(4) 120.76(8) y-MgH2 = 5.73 
Al: 4.084(1) -- 68.13(6) Al = 21.21 
4.3.4 Further analyses and comparison of the structural evolution 
XRD Rietveld analysis carried out on the (Mg+Nb) mixture confirms the 
formation of a bcc phase, Bccl, which is certainly a (Nb, Mg) solid solution. The lattice 
parameters of Mg slightly decrease with milling time, see Table 4.3, which may be due 
to the dissolution of a small amount of Nb into the Mg lattice, in agreement with atomic 
radius reduction (rte=1.45 A< rmg 1.60 A). 
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The lattice parameters of MgH2 are plotted as a function of milling time in Fig. 4.27, 
where clear reductions in both parameters are noted due to prolonged milling. 
Regarding the formation of another bcc phase, Bcc2, during MA of the (MgH2 +1 ONb) 
mixture, it is clearly seen that the amount of the newly formed Bcc2 phase increases 
while those of the ß-MgH2 and the Nb decrease with increasing milling time, as shown 
in Fig. 4.28. 
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For comparison, the variations of the lattice parameters of the Bccl and Bcc2 
phases are presented in Fig. 4.29. The lattice parameters do not seem to differ greatly. 
Moreover, it has been confirmed that in the Nb-rich mixture of (MgH2 +50Nb), 
no Mg and Nb peaks have been found after 20 hours, and also the weight percent of the 
Bcc2 is twice as much as that of MgH2 (see table 4.4). It further proves the existence of 
the bcc (Nb, Mg)H,, in the mixture. 
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For the (MgH2+1 OAI) mixture, the evolution of the ß-MgH2 and Al with milling 
time is reported in Fig. 4.30. It is clearly shown that with increasing milling time, the 
amount of Al increases while both ß-MgH2 and Mg decrease. Since pure Mg exists in 
the as-received MgH2 powder, and both the lattice parameters and the amount of Al 
increase with milling time, the formation of a (Al, Mg) solid solution is possible, as 
further discussed in a later chapter. The evolution of the Al lattice parameter with 
milling time is shown in Fig. 4.31, which clearly shows a volume expansion. This may 
be due to the increased level of Mg in Al, as the Mg atom is larger than Al. 
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From the XRD diffraction patterns, Fig. 4.26, it is noted that the Al peaks are 
broadened with increasing milling time. Then, from the Rietveld analysis, mechanical 
strain accumulated during MA can be determined (Dreele 1981) using the following 
equation: 
s= ir 18000 "(y-y, )"ioo% 
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where S is the microstrain (%), y and y, are the Lorentzian isotropic-broadening 
coefficients for the sample and the instrument - X-ray diffractometer (determined by 
using the diffraction pattern of a standard material), respectively. y and y, are obtained 
from the best Rietveld fit. Fig. 4.32 shows the evolution of microstrain for both Al and 
MgH2 with milling time. It is clearly seen that the accumulated strains increase with 
milling time. The strain is much higher in Al than in MgH2, e. g. 48 % higher after 2 
hours of milling. The large difference may be attributed to the lattice distortion as a 
result of the dissolution of Mg in Al to form an fcc - (AI, Mg) solid solution and the 
larger atomic radius of Mg, about 12% larger than that of Al. 
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Fig. 4.32 Evolution of microstrains of Al (solid square) and MgH2 (open square) versus milling 
time in the (MgH2+IOAI) mixture. 
4.3.5 Desorption characteristics 
Fig. 4.33 presents the hydrogen desorption characteristics of the (MgH2+lONb) 
mixtures milled for 2,10 and 20 hours, respectively, during isothermal holding at 
T=300°C under a vacuum of 2.5X10-6 bar. The desorption kinetics of the mixtures 
increase with milling time. The total weight loss after 20min measurement is about 1.0, 
3.0, and 3.9wt% for the samples milled for 2,10 and 20 hours, respectively. Similar 
phenomena can be seen in the (MgH2+1OA1) mixtures milled for different hours, Fig 
4.34. The improved kinetics may be due to the particle size reduction after milling and 
to well-mixed MgH2 with Al or Nb as catalysts. Fig 4.35 compares the hydrogen 
desorption properties of various samples milled for 20 hours. The curve for the as- 
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received MgH2 was also shown for comparison. It is noted that both the mechanically 
alloyed (MgH2+l0A1) and (MgH2+lONb) mixtures reach an equilibrium state within 8 
to 10 minutes of dehydrogenation. The amount of H2 released after 10 minutes is about 
0.5,1.4,3.9 and 5.4wt% for the as-received MgH2, the milled MgH2, the milled 
(MgH2+IONb) and the milled (MgH2+lOAl), respectively. The sudden "abnormal" 
weight gain at the beginning of the desorption curves is similar as that seen in Fig. 4.14, 
due to the re-impacting of some gaseous molecules on the crucible and crucible support 
under high vacuum and rapid heating rate (50°C/min), and also the effect of a certain 
degree of oxidation of the metallic additions. 
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Fig. 4.33 Hydrogen desorption curves at T=300°C under vacuum of (MgH2+l ONb) milled for 
various periods of time. 
2 
1 
0 
(MgH2+Al) milled for 10 h 
vi -2 to 
-3 
U) N -4 co 
-5 
(MgHZ+AI) milled for 20 h 
-6 
-7 
0 200 400 600 800 1000 1200 1400 
Desorption time, s 
Fig. 4.34 Hydrogen desorption curves at T=300°C under vacuum of (MgH2+lOAI) milled for 
various periods of time 
154 
Chapter 4- Experimental results 
\° 0 
Cl) 
0 
U) U) 
2 
2 
1 
0 
-1 
-2 
-3 
-4 
-5 
-6 
-7 
as received powder 
milled for 20 h 
; H2+1 ONb) milled for 20 h 
(MgH2+lOAI) milled for 20 h 
0 200 400 600 800 1000 1200 1400 
Desorption time, s. 
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4.3.6 Summary 
For the mechanically alloyed (MgH2+IONb) and (Mg+lONb) mixtures, the 
XRD diffraction analysis reveals the formation of a bcc-type structure for both 
mixtures, accompanied by the gradual reduction of the elemental Nb in both cases. For 
the (Mg + Nb) mixture, the newly formed bcc phase can certainly be attributed to a 
(Mg, Nb) solid-solution. However, in the case of the (MgH2 + Nb) mixture, it cannot be 
identified unambiguously whether the new phase is a (Nb, Mg) solid solution, since the 
as-received MgH2 powder contains 5 wt% of elemental Mg, or a Nb hydride NbH,, 
(x<1.0), or even a (Nb, Mg)H, t, since the lattice parameter is found to be similar to that 
of the bcc-(Nb, Mg) solid solution formed in the (Mg + Nb) mixture. Whereas in the 
case of the (MgH2+lOAl) mixture, the formation of an (Al, Mg) fcc solid solution is 
most likely the case. Rietveld analysis indicates that the amount of the bcc phase or the 
(Al, Mg) solid solution increases with milling time in detriment of Nb and Al. 
Mechanically milled (MgH2+lOAl, Nb) powder mixtures show improved kinetics 
and desorption capacity, compared to the single phase MgH2 milled under identical 
conditions. Dehydrogenation at NOT of the samples milled for 20 hours show that the 
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(MgH2+1OA1) mixture releases 5.4wt% hydrogen and the (MgH2+lONb) mixture 3.9 
wt%, whereas only 1.4wt% hydrogen was released from the milled MgH2 powder and 
0.5wt% from the as-received MgH2 powder. The coupled beneficial effects of the two 
alloying elements and mechanical milling on hydrogen desorption have been clearly 
demonstrated. 
4.4 Effect of Carbon on Hydrogen Desorption and Absorption of Mg 
Some non-metal elements have been studied as additives to Mg to improve its 
hydrogen storage properties. For example, graphite carbon considerably reduces the 
activation process of Mg and improves the absorption kinetics of both Mg and Mg2Ni 
(Bouaricha et al. 2000; Bouaricha et al. 2001; Imamura et al. 2002; Imamura et al. 
2000), whereas there is no improvement of the desorption kinetics by mechanical 
alloying MgH2 with Si (Reule et al. 2000). However, no report has been published in 
the hydrogen desorption properties of the Mg or MgH2 powder milled with carbon. 
Here, both of hydrogen desorption and absorption properties of the MgH2 powder 
milled with graphite carbon, termed as the (MgH2+G) mixture, were investigated. 
In the study of hydrogen desorption of the mixture, several compositions of 
graphitic carbon of 1,10 and 30 mol% were first mixed with MgH2 for 1 hour to 
identify the actual effect of different graphite contents on the dehydrogenation of MgH2, 
and then the sample with l Omol% of graphite was further milled with MgH2 for 4,8 and 
15 hours to investigate the milling effect on the structural stability and hydrogen 
desorption of the mixture. All the milling was carried out in a planetary ball mill with a 
milling speed of 168.4rpm (dial number 4) and a ball-to-powder weight ratio of 30: 1, 
other milling conditions are the same as discussed in the last chapter. 
In order to identify the possible effect of carbon on hydrogen absorption, the 
(MgH2+1OG) mixtures milled for 1,4 and 8 hours were first dehydrogenated at 430°C 
for 2 hours under vacuum to ensure complete release of hydrogen, guided by prior study 
of hydrogen desorption of milled MgH2 (Huot et al. 1999), and then rehydrogenated at 
relatively low temperature of 250°C for 30 minutes under 12-14 bar hydrogen pressure 
for one cycle; the temperature was chosen deliberately to a very low value to enhance 
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the differences in hydrogenation with and without graphite. The absorption half-cycle 
was not closely followed in this experiment due to lack of an accurate monitoring 
system. Instead, the desorption of the rehydrogenated samples were studied using 
simultaneous thermogravimetry and diffraction scanning calorimetry to therefore 
identify the total hydrogen absorbed under the preset rehydrogenation conditions. 
To further clarify whether additional powder boundaries may enhance 
hydrogen "storage", a loose and a compacted (MgH2+1OG) mixtures prior-milled for 8 
hours (see Section 3.1.3 for sample preparation) were first dehydrogenated at 430°C for 
2 hours, and then rehydrogenated at 350°C for 6 hours under 14 bar hydrogen pressure. 
Structural and hydrogen desorption/absorption characterisations of the samples were 
performed by XRD, SEM and simultaneous TG/DSC. 
4.4.1 Structural characterisations of the (MgH2+10G) mixture by XRD and 
SEM 
The phase evolution of the (MgH2+1OG) mixture with milling time was 
examined by XRD analyses, and the results are shown in Fig. 4.36. The peak at 20=26° 
belongs to the crystalline graphite. Its intensity is reduced gradually with the increase of 
milling time. After 15 hours of milling, no graphite peaks were detected, which 
indicates that the regular crystalline structure of the graphite has been destroyed by 
milling, leading to undesirable amorphization. In order to maintain the crystalline 
structure of graphite, it is suggested that milling should be less than 15 hours under the 
current conditions. Some MgO was produced during milling due to the easy oxidation 
of residual Mg remaining in the parent MgH2. 
The as-received MgH2 powder was also milled for 8 and 15 hours for 
comparison with the (MgH2+IOG) mixture. The XRD patterns of the milled 
powder/mixture were shown in Fig. 4.37. It is noted that the intensity and width of the 
MgH2 peaks for the (MgH2+1 OG) mixture are similar to those for the MgH2 milled for 
the same period of time, indicating that the crystallite size of the (MgH2+1 OG) mixture 
was not affected by the addition of graphite during milling, and is similar to that of the 
MgH2. 
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Fig. 4.37 Comparison of XRD patterns of the pure MgH2 and the (MgH2+I OG) mixture milled 
for 8 and 15 hours under the same milling conditions 
The milled mixtures were completed dehydrogenated, and then rehydrogenated 
at 250°C for 30min. Fig. 4.38 illustrates the XRD patterns of the rehydrogenated 
(MgH2+1OG) mixtures originally milled for 1,4 and 8 hours, along with a 
rehydrogenated MgH2 sample originally milled for 8 hours. It is seen that the intensities 
of the pure MgH2 peaks are greater and those of pure Mg are weaker for the 
rehydrogenated mixture prior-milled for a longer period of time, which means that more 
hydrogen was absorbed in the mixture. By comparison with the XRD pattern of the pure 
MgH2 prior-milled for 8 hours after rehydrogenation under the same conditions, it is 
clearly noted that the MgH2 peaks of the (MgH2+1OG) mixture are much higher than 
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those of the pure MgH2, while the Mg peaks of the mixture are much lower than those 
of pure MgH2. This observation indicates that a greater amount of the hydride has been 
formed in the (MgH2+lOG) mixture than in the pure MgH2 after rehydrogenation. 
Moreover, it should be noted that crystalline graphite exists in all the rehydrogenated 
mixtures, implying that the graphite did not react or did not react strongly with Mg or 
H2 during cycling. 
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Fig. 4.38 XRD patterns of the milled MgH2 and (MgH2+1 OG) mixtures rehydrogenated at 250°C 
for 30min after dehydrogenation at 430°C for 2 hours. 
Figs. 4.39a-e compare the SEM images of the (MgH2+1OG) powder mixtures 
milled for 1,4 and 8 hours, the as-received graphite, and the pure MgH2 milled for 8 
hours, respectively. Clearly, the particle sizes are very different. The (MgH2+1OG) 
mixture milled for 1 hour exhibits inhomogeneous particle size distribution. Many large 
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particles are dispersed among small ones. With the increase of milling time, the particle 
size decreases and the particles gradually become homogeneous, particularly, the 
mixture milled for 8 hours shows very fine and homogeneous particle distribution (Fig. 
4.39c). 
Also from Figs. 4.39c, d and e, it is clearly noted that after milling, there is a 
significant size reduction of the graphite particles, and moreover, the particle size of the 
(MgH2+1OG) mixture milled for 8 hours is smaller and also more uniform than that of 
the pure MgH2 milled for 8 hours. 
In order to identify whether rehydrogenation alters the particle size of the cold 
pressed pellet, it was cut in half, mounted in resin and polished slightly for easy 
examination. The SEM images of the pellet specimen of the (MgH2+1OG) mixture 
prior-milled for 8 hours are compared in Fig. 4.40 after dehydrogenation at 430°C for 2 
hours and Fig. 4.41 after rehydrogenation at 350°C for 6 hours. At a low magnification, 
Figs. 4.40 (a) and 4.41 (a), there seems no much difference between the two samples, 
apart from the evidence of a porous structure in both cases, which may be useful in 
trapping hydrogen inside the material. No additional cracking of the samples is seen, 
which indicates that the cold compacted sample is able to stand 
hydrogenation/dehydrogenation cycling. At the higher magnification, Figs. 4.40 (b) and 
4.41 (b), the particles seem more uniform after rehydrogenation, possibly due to that the 
newly formed hydrides break up relatively large agglomerates in the sample during 
rehydriding. 
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4.4.2 Hydrogen desorption properties of the milled (MgH2+G) mixtures 
Fig. 4.42 shows the DSC traces of the mixtures of MgH2 milled with 1,10 and 30 
mol% of graphite for 1 hour at a low speed of 168.4rpm (dial number 4). The hydrogen 
desorption peaks only defer by a few degree with the increase of carbon content, the 
onset desorption temperature was not reduced, all starting at about 400°C. Therefore, 
the content of graphite in MgH2 does not seem to influence the hydrogen desorption 
temperature of the mixture. 
The (MgH2+10mol%G) mixture was selected for further milling up to 4,8 and 
15 hours, respectively. The DSC traces of the mixtures after different periods of milling 
are compared in Fig. 4.43. There is a slight reduction in the desorption peak as milling 
time increases, which may be attributed to particle size reduction due to milling. To 
clarify this point, the curves are further compared with those of the pure MgH2 milled 
for 8 and 15 hours in Fig. 4.44. The peak positions of the pure MgH2 and the 
(MgH2+IOG) milled for the same length of time are more or less the same, which 
indicates that graphite has little effect on the desorption temperature. Therefore, the 
peak shifts shown in Fig. 4.43 are mainly the result of powder size reduction. 
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Fig. 4.42 the DSC traces of the mixtures of (MgH2 +1,10,30 mol% graphite) milled for 1 hour 
at a low speed of 168.4rpm. 
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Fig. 4.45 shows the mass loss as a function of temperature, simultaneously 
measured with the DSC curves given in Fig. 4.43, for two (MgH2+1OG) samples milled 
for 8 and 15 hours, respectively. It reveals the total amount of hydrogen that can be 
released from the milled mixtures, which is about 5wt% in both cases. Since the DSC 
curves in Fig. 4.43 indicate that the on-set desorption temperature is around 360°C, 
isothermal TG tests were carried out at 370°C for MgH2 and the (MgH2+l OG) mixture 
milled for 8 hours. The results are illustrated in Fig. 4.46, where the desorption kinetics 
are noted to be similar. This further confirms that graphite has little effect on the 
hydrogen desorption properties of MgH2. 
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Fig. 4.45 Weight loss of hydrogen desorption of the prior-milled (MgH2+IOG) mixture as a 
function of temperature, simultaneously measured with the DSC measurements in Fig. 4.43. 
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4.4.3 Hydrogen desorption of the rehydrogenated (MgH2+G) mixtures 
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Fig. 4.47 shows the DSC traces of the rehydrogenated (MgH2+1OG) mixture 
originally milled for 1,4, and 8 hours, respectively (the sample milled for 15 hours was 
not selected because the carbon structure was largely destroyed, as indicated in 
Fig. 4.36). The endothermic desorption peaks of the rehydrogenated (MgH2+1OG) 
mixtures are in similar positions to those of their original counterparts, shown in 
Fig. 4.43, indicating that the rehydrogenation has not changed the onset desorption 
temperature. 
The corresponding TG curves of the rehydrogenated (MgH2+l OG) mixtures are 
shown in Fig. 4.48, where the hydrogen desorption capacities are 1.6,2.8 and 5.0 wt%, 
respectively for the mixtures originally milled for 1,4 and 8 hours. The desorption 
curve of a pure MgH2 milled for 8 hours is also shown for comparison, where the 
sample is noted to have absorbed only about 0.8wt% hydrogen. This clearly 
demonstrates that carbon indeed facilitates the hydrogen absorption (here, the 
rehydrogenation) of the (MgH2+1OG) mixtures. The increased hydrogen up-take, 
indicated by the higher desorbed value, with increasing milling time is likely due to 
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increased uniformity of carbon distribution on MgH2 particle surfaces and a reduction in 
the particle size. Hence, the beneficial effects of elemental carbon on hydrogen 
absorption have been clearly identified. 
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Fig. 4.47 DSC traces of the rehydrogenated (MgH2+IOG) mixture prior- milled for 1,4, and 8 hours, 
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Fig. 4.48 TG curves of hydrogen desorption as a function of temperature of the rehydrogenated 
(MgH2+I OG) mixture prior- milled for 1,4, and 8 hours, and the rehydrogenated MgH2 prior-milled 
for 8 hours. 
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Fig. 4.49 compares the DSC and TG curves of the loose powder and the pellet of 
the (MgH2+1OG) mixture originally milled for 8 hours after rehydrogenation. Both TG 
and DSC curves show that the hydrogen desorption temperatures and kinetics of the 
powder and the pellet are very similar. The TG curves show that hydrogen released 
from the powder and the pellet is about 5. Owt% and 6. Owt%, respectively. The small 
enhancement in the hydrogenation capacity in the pellet may be due to closely packed 
powder interfaces or boundaries, which provide additional sites for storing hydrogen. 
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Fig. 4.49 Comparison of the DSC and TG curves of the powder sample and the pellet sample of the 
(MgH2+1OG) mixture (8h milling) after rehydrogenation at 350°C for 6 hours under 14 bar H2 pressure. 
4.4.4 Summary 
The possible effects of crystalline graphite on the hydrogen desorption and 
absorption characteristics of MgH2 were investigated in this section. The results clearly 
show that graphite did not react with MgH2 during milling, but become amorphous after 
15 hours of milling; graphite poses little influence on desorption temperature and 
kinetics of MgH2, however, it does benefit the absorption behaviour of MgH2, leading 
to rapid hydrogen uptake in the rehydrogenated sample. After dehydrogenation, 5wt% 
of hydrogen was re-absorbed within 30min at 250°C for the (MgH2+1 OG) mixture prior- 
milled for 8 hours, while only 0.8wt% for the pure MgH2 milled for 8 hours, the effect 
may be mainly due to the interaction between crystalline graphite and MgH2/Mg, which 
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possibly alters the surface and interface state, and also inhibits the formation of oxide 
layer on the surface of Mg. The pellet of the (MgH2+1OG) mixture after 
rehydrogenation shows increased absorption capacity by about lwt%, compared to the 
corresponding loose powder sample. 
4.5 Effect of Rare-Earth Elements (Ce and Y) on MgH2 
Rare-earth elements are well-known oxygen getters. Their presence may reduce 
the formation of surface oxide, and hence benefits hydrogen absorption. A certain 
catalytic effect by rare-earth metal has also been reported in the past (Zaluski et al. 
1997). Their effects on the hydrogen desorption of MgH2 have not been fully studied. 
Here, the rare-earth elements, Ce and Y, were selected for the study. A series of 
experiments were designed, involving MgH2 milled with 3mol% of one of the two 
elements up to 40 hours under the usual milling conditions (see Chapter 3). 
Furthermore, in order to clarify the influence of the content of the rare-earth metal on 
the hydrogen desorption, a mixture of MgH2 with 6mol% of Ce was milled for 
comparison. Structural and dehydrogenation characterisations were performed by XRD, 
TG and simultaneous TG/DSC for these hydride mixtures. 
4.5.1 Phase evaluation by X-Ray diffraction 
Figs. 4.50 and 4.51 show respectively the X-ray diffraction patterns of the 
(MgH2+3Ce) and the (MgH2+3Y) mixtures after different period of milling. It is noted 
in Fig. 4.50 that there is no elemental Ce detected in the milled mixtures. The newly 
formed peaks in the diffraction pattern of the mixture milled for 10 hours were 
identified as CeO2. With the increase of milling time, the CeH2.53 peaks were identified, 
whereas the CeO2 peaks become weak. After 40 hours of milling, the peaks of CeO2 
were very low, while those of the hydride phase, CeH2.53, are predominant in the 
pattern. Moreover, the diffraction peaks of MgH2 were also weakened and broadened. 
The broadening in the MgH2 peaks is due to the reduction in particle size and/or 
accumulation of the mechanical strains during milling. 
From the XRD patterns of the (MgH2+3Y) mixture milled for different periods of 
time (Fig. 4.5 1), it is noted that the main peaks identified were MgH2, YH3 and a small 
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amount of MgO after 10 hours milling. There seems little yttrium oxide or pure yttrium 
peaks detected in the mixture. With the increase of milling time, the intensity of the 
YH3 peaks increased, indicating that pure yttrium has transformed to YH3. Further 
milling up to 40 hours leads to the YH3 peaks broadening. Once again, the broadened 
and weakened peaks are due to the particle size reduction and micro-strains from the 
milling. 
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Fig. 4.50 Evolution of XRD patterns of the (MgH2+3Ce) mixture with milling time. 
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Fig. 4.51 Evolution of XRD patterns of the (MgH2+3Y) mixture with milling time. 
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4.5.2 Hydrogen desorption properties 
Figs. 4.52 and 4.53 show the DSC traces for the (MgH2+3Ce) and the 
(MgH2+3Y) mixtures milled for different periods of time, respectively. For the 
(MgH2+3Ce) mixture, Fig. 4.52, the onset desorption temperature is reduced by about 
30°C between the mixture milled for 20 hours (300°C) and that milled for 10 hours 
(330°C). Further comparison of these two desorption peaks with those of the pure MgH2 
milled for the same period of time, Fig. 4.5, indicates that the (MgH2+3Ce) mixture after 
10 and 20 hours milling showed a lower desorption temperature, by about 30°C, than 
the milled pure MgH2. From Fig. 4.52, it is also noted that the desorption peak for the 
mixture milled for 40 hours has shifted slightly to a higher temperature. This may be 
due to the formation of a relatively thick covering of stable CeH2.53 and some MgO on 
the surface of MgH2 which limits the hydrogen release from Mg. Similar behaviour can 
be seen from the DSC traces of the (MgH2+3Y) mixture milled for different periods of 
time, Fig. 4.53. With the increase of milling time, the peaks shifted to a slightly higher 
temperature rather than a further reduction in desorption temperature. This shift may be 
attributed to the formation of stable YH3 on the surface of MgH2 powder, which inhibits 
further diffusion of hydrogen to or from MgH2. 
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Fig. 4.52 DSC traces, under 0.1 bar of hydrogen, of the (MgH2+3Ce) mixture milled for 
different hours. 
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Fig. 4.53 DSC traces, under 0.1 bar of hydrogen, of the (MgH2+3Y) mixture milled for 
different hours. 
Further investigation of the mixture of MgH2 milled with 6mol% Ce, Fig. 4.54, 
shows that there is no reduction in the desorption temperature between the mixtures 
milled for 10 and 20 hours. Compared with Fig. 4.52 for the DSC curves of the 
(MgH2+3Ce) milled for 10 and 20 hours, the (MgH2+6Ce) mixture milled for 10 hours 
shows a relatively low desorption temperature, at almost the same position as the peaks 
of both (MgH2+3Ce) and (MgH2+6Ce) milled for 20 hours, which indicates that CeO2 
has a positive effect on the hydrogen desorption kinetics of MgH2, while the formation 
of a stable CeH2.53 has an opposite effect on the kinetics. 
Fig. 4.55 shows the kinetic curves at 300°C and 350°C under 0. lbar H2 pressure 
for the mixtures of (MgH2+3Ce) and (MgH2+3Y) milled for 20 hours. The total 
hydrogen release for the (MgH2+3Ce) mixture after 1600 sec is about 1.3 and 3.7 wt% 
at 300°C and 350°C, respectively, while almost 0 and 2.3wt% for the (MgH2+3Y) 
mixture. Therefore, the (MgH2+3Ce) mixture shows more rapid desorption kinetics than 
the (MgH2+3Y) mixture. This is further noted from the shape of the desorption curves 
in Fig. 4.55. 
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Fig. 4.54 DSC traces, under 0.1 bar of hydrogen, of the (MgH2+6Ce) mixture milled for 10 and 
20 hours. 
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Fig. 4.55 Comparison of hydrogen desoption kinetics at T=300 and 350°C under 0. lbar of 
hydrogen, of the (MgH2+3Ce) and the (MgH2+3Y) mixtures milled for 20 hours, respectively 
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4.5.3 Summary 
The effect of rare-earth metals, Ce and Y, on hydrogen desorption properties of 
MgH2 has been investigated by mechanical milling. XRD analysis shows the formation 
of stable hydride phases, CeH2,35 and YH3, in the relevant mixture during milling. These 
stable hydrides are not beneficial to hydrogen desorption of the mixtures, or even 
overshadowing the milling effect. However, these binary hydrides are of varying 
stoichiometry, which may increase the hydrogen content of the material and facilitates 
hydrogen migration to the magnesium surface in a Mg-rich rare-earth alloy. Further 
investigation needs to be carried out to clarify this point. 
Only CeO2.35 in the (MgH2+Ce) mixture seems to provide a beneficial effect on 
hydrogen desorption of MgH2. The milled (MgH2+Ce) mixture shows faster kinetics 
than the milled (MgH2+Y) mixture, and a further reduction in desorption temperature of 
about 30°C, compared to the pure MgH2 counterpart. This is more likely due to the 
formation of surface defects on MgH2 and possible catalytic effect by CeO2i which 
improve the hydrogen desorption or diffusion through surfaces or interfaces. 
4.6 Hydrogen Storage in Multi-Component Mg Hydrides 
There are several publications in the literature on the hydrogen sorption 
properties of the Mg hydride with two or three additives, such as Zr+Ti, Mn+Zr, Ti+V 
and Ti+V+Fe (Dehouche et al. 2001; Khrussanova et al. 2001; Zaluska et al. 1999), 
some of which show very promising properties. However, there is little information on 
the combination of several transition metals and rare-earth metals as additives to modify 
Mg/MgH2 for hydrogen storage. 
Here, two sets of experiments were carried out to investigate the hydrogen 
desorption properties and the structural evolution of the Mg hydride milled with multi- 
component additives involving both transition and rare-earth metals. For the first set, 
MgH2 was mechanically milled with Fe and Ce in two compositions: 
(15mol%Fe+5mol%Ce) and (15mol%Fe+lmol%Ce), hereafter termed as 
(MgH2+15Fe+5Ce) and (MgH2+15Fe+l Ce), respectively. The relatively large level of 
Fe was selected in order to maximise its solid solutioning and catalytic effects. The 
second set involves four elements, Ni, Al, Ce and Y, milled with MgH2 for up to 80 
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hours with the composition of (MgH2+9mol%A1+9mol%Ni+3mol%Y+lmol%Ce). 
Each experiment was carried out under the usual milling conditions, as described in 
Chapter 3. 
Ni, Fe and Al are good catalysts for hydrogen desorption of MgH2 (Gennari et 
al. 2002b; Shang et al. 2003). The rare-earth metals, Y and Ce, may alloy with other 
elements and/or MgH2 to form new phases with promising storage properties 
(Khrussanova et al. 2001), or act as an oxygen getter to reduce oxygen/oxide 
contamination at the surface and in the bulk. Therefore, it is expected that these multi- 
component magnesium hydrides will show great improvement in hydrogen storage 
properties, with the synergetic effects of all the elements. Moreover, simulations using 
Artificial Neuron Networks (ANN) in our group show that these elemental metals are 
the most promising additives influencing the hydrogen desorption temperature and the 
plateau pressure of Mg-based hydrogen storage materials (Malinova and Guo 2004) 
4.6.1 Phase evaluation and dehydrogenation of (MgH2+Fe+Ce) mixtures 
The milled (MgH2+Fe+Ce) mixtures were characterised by X-ray diffraction. 
Figs. 4.56 and 4.57 show the XRD patterns of the (MgH2+15Fe+5Ce) mixture milled 
for up to 40 hours, and the (MgH2+15Fe+1 Ce) mixture milled for 10 and 70 hours, 
respectively. With the increase of milling time, apart from the formation of the stable 
CeH2.53, a new ternary hydride, Mg2FeH6, was identified in the (MgH2+15Fe+5Ce) 
mixture milled for 40 hours and the (MgH2+15Fe+l Ce) milled for 70 hours, with the 
disappearance of Fe peaks. CeO2 was also identified in the mixture. By comparison of 
the Mg2FeH6 peaks for the above two mixtures (a and b) in Fig. 4.57 and those in Fig. 
4.56 with different periods of milling time, it is clear that there is no peak shift, i. e. there 
is no "alloying" or solid solutioning of Ce in Mg2FeH6. CeH2.53 peaks were not 
observed in the XRD pattern of the (MgH2+15Fe+1 Ce), due to the small amount of Ce 
and very small particle sizes after the long period of high energy milling. 
Fig. 4.58 shows the XRD pattern of the dehydrided powder of the 
(MgH2+15Fe+5Ce) mixture milled for 10 hours. After dehydrogenation, Ce reacted 
with oxygen and pure Mg to form CeO2 and Mg12Ce, respectively. Mg2FeH6 
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decomposed into Mg and Fe completely. Some Fe remained in the mixture without 
alloying with other elements. Similar phenomena were also seen for the dehydrided 
(MgH2+15Fe+1 Ce) mixture milled for 70 hours. 
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Fig. 4.56 Evolution of XRD patterns of the (MgH2+15Fe+5Ce) mixture with milling time. 
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Fig. 4.57 Comparison of XRD patterns of the (MgH2+15Fe+1 Ce) mixture milled for: a) 10 hours 
and b) 70 hours; and c) the (MgH2+15Fe+5Ce) mixture milled for 40 hours. 
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Fig. 4.58 XRD pattern of the (MgH2+l5Fe+5Ce) mixture milled for 10 hours after 
dehydrogenation. 
Elemental distribution in the (MgH2+l5Fe+5Ce) mixture milled for 10 hours 
was analysed by X-ray dot mapping, as shown in Fig. 4.59. It is noted that both Fe and 
Ce (CeO2) overlapped with some MgH2 particles, indicating that a certain level of 
elemental mixing occurred between these particles. 
,i 
Fig. 4.59 X-ray dot maps of the (MgH2+ 15Fe+5Ce) powder mixture milled for 10 hours. 
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The hydrogen desorption properties of the mixtures were evaluated by DSC and 
TG measurements. Fig. 4.60 compares the DSC traces of the (MgH2+15Fe+5Ce) 
mixtures milled for 10,20 and 40 hours, respectively. It is interesting to note that with 
the increase of milling time, the hydrogen desorption peaks shift to a relatively high 
temperature, particularly for the mixture milled for 40 hours with an onset temperature 
of 290°C and peak temperature of 350°C. The lowest hydrogen desorption temperature 
was obtained in the mixture milled for 10 hours with the desorption starting at 240°C. In 
order to clarify the actual effects of the additives in the mixtures, the DSC curves of the 
(MgH2+15Fe+5Ce) and the (MgH2+15Fe+1Ce) with less Ce were compared with those 
of the (MgH2+15,19mol%Fe) mixtures with no Ce involved, Fig. 4.61. All the mixtures 
were milled for 10 hours under the same milling conditions. The peaks for the 
(MgH2+15Fe+1Ce) and the (MgH2+15Fe) mixtures are at similar positions, and so are 
the peaks of the (MgH2+15Fe+5Ce) and the (MgH2+19Fe). The latter peaks are lower 
than the former. Therefore, it seems that the desorption temperature decreases with 
increasing ratio of Fe: MgH2 in the relevant mixtures, or with increasing Ce content. 
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Fig. 4.60 DSC traces, under 0.1 bar of hydrogen, of the (MgH2+15Fe+SCe) mixture milled for 
different hours. 
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Fig. 4.61 Comparison of DSC traces of the (MgH2+Fe+Ce) and the (MgH2+Fe) mixtures, milled for 
10 hours under the same milling conditions. 
Hydrogen desorption of the above four mixtures at two constant temperatures, 
250°C and 270°C, was characterised by thermogravimertry for comparison, as seen in 
Figs. 4.62 and 4.63. The (MgH2+15Fe+5Ce) mixture showed the most rapid desorption 
kinetics, with a hydrogen release of 2. lwt% at 250°C and 2.9wt% at 270°C within 20 
min. However, it is only slightly faster than that of the (MgH2+19Fe) mixture milled for 
10 hours. The mixtures of (MgH2+15Fe+1Ce) and (MgH2+15Ce) show similarly slow 
kinetics at both 250 and 270°C. Despite the relatively rapid kinetics, the 
(MgH2+15Fe+5Ce) mixture showed very low hydrogen desorption capacities at the 
measuring temperatures, due to a relatively high content of the heavy Ce. 
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Fig. 4.62 Hydrogen desorption curves at 250°C under 0. l bar of hydrogen of the (MgH-, +Fe+Ce) and 
(MgH2+Fe) mixtures milled for 10 hours. 
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Fig. 4.63 Hydrogen desorption curves at 270°C under 0.1 bar of hydrogen of the (Mgl1, Fe±Ce) and 
(MgH2+Fe) mixtures milled for 10 hours, 
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4.6.2 Characterisation of a multi-component (MgH2+Al+Ni+Y+Ce) mixture 
The phase evolution of the (MgH2+Al+Ni+Y+Ce) mixture with milling time is 
shown in Fig. 4.64. The X-ray patterns of the multi-component (MgH2+Al+Ni+Y+Ce) 
are rather complicated. After 20 hours of milling, apart from the parent peaks of MgH2, 
Al and Ni, new peaks were identified as those from YH3 and AlNi. With increasing 
milling time, Ni and Al peaks gradually disappear, whereas the peaks of AlNi increase; 
meanwhile, YH3 gradually transformed to YH2. The main peaks in the mixture milled 
for 60 and 80 hours belong to MgH2, YH2, AlNi and MgO. There is also increasing 
peak broadening with milling time, which is due to refined particle size and/or increased 
microstrain. Ce may form CeH2.53 as identified in the previous section, but due to the 
small content of Ce and peak overlapping, the hydride peaks are not evident in the X- 
ray patterns. 
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Fig. 4.64 Evolution of XRD patterns of the (MgH2+Al+Ni+Y+Ce) mixture with milling time. 
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The dehydrogenation properties of the milled mixtures were characterised by 
coupled TG/DSC analyses from room temperature to 500°C, as shown in Figs. 4.65a-d. 
The best hydrogen desorption properties were observed from the mixture milled for 20 
hours (Fig. 4.65a), where the onset desorption temperature is about 220°C and the total 
hydrogen release approximately 3.5wt%. With the increase of milling time, the 
hydrogen desorption peak shifts to a high temperature, with three peaks at 300,390 and 
440°C for the mixture milled for 40 hours (Fig. 4.65b) and one peak at about 390°C for 
the mixture milled for 60 and 80 hours (Figs-4.65c and d). It is also noted that the 
hydrogen desorption capacity of the mixture reduced with increasing milling time, 
which implies that some hydrogen was released during milling, or entrapped in the 
mixture by MgO or other surface contaminants. 
4.6.3 Summary 
The results of the investigation in the multi-component Mg hydrides show that 
the mixtures of (MgH2+15Fe+5Ce) milled for 10 hours and (MgH2+Al+Ni+Y+Ce) 
milled for 20 hours exhibit relatively fast desorption kinetics and the lowest desorption 
temperature at about 240 and 220°C, respectively, among all the compositions 
investigated so far. This may be attributed to the synergetic catalytic effect of Ni, Fe, 
Al, and possibly CeO2. The temperature is much close to -150°C - required for 
practical applications 
Milling the multi-component mixtures for a longer period of time leads to the 
formation of a ternary hydride of Mg2FeH6 in the (MgH2+Fe+Ce), and an AlNi alloy 
and a YH2 in the (MgH2+Al+Ni+Y+Ce), therefore, a loss of catalytic effect of Fe, Ni 
and Al, and a shift of hydrogen desorption to a high temperature. Hence prolonged 
milling is not recommended for such systems. 
The rare-earth metals were not alloyed with Mg/MgH2 and/or transition metals, 
and mainly function as an oxygen getter or possibly form new Mg-based hydrogen 
storage phases. Milling Mg, instead of MgH2, with other additives may benefit solid- 
solutioning of the additives in Mg, forming a new Mg-based hydrogen storage alloy 
with promising storage properties. 
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4.7 Direct Synthesis and Characterisation of a New Compound 
Mg2Fe(Cu)H6 
The Mg-based hydrides, Mg2NiH4, Mg2CoH5 and Mg2FeH6, are particularly 
desirable for hydrogen storage due to their high storage capacity of 3.7wt% for 
Mg2NiH4,4.7wt% for Mg2CoH5 and 5.8wt% for Mg2FeH6 (Gennari et al. 2002a). 
Studies on Mg2CoH5 and Mg2FeH6 are very limited because the elements, Co and Fe, 
are hardly alloyable with Mg to form binary compounds, Mg2Co, Mg2Fe. Bobet et al. 
(Bobet et al. 2000; Bobet et al. 1999) report the observation of a new product after 60h 
of milling of Mg and Co, which is assumed to be Mg2Co, but the yield is rather low. 
Increasing milling time simply leads to amorphization of the `Mg2Co' compound. To 
the best of our knowledge, the existence of the Mg2Fe phase under equilibrium 
conditions has never been reported. Hightower et al. (Hightower et al. 1997) show that 
mechanical alloying of Mg and Fe with less than 20at% Mg only forms a bcc solid 
solution of Mg in Fe. For Mg contents from 20-95at%, the alloys are a mixture of bcc 
and hcp phases. 
Our present investigation was designed to study the synthesis and hydrogen 
storage properties of Mg2FeH6, not only because this hydride is of a high hydrogen 
storage capacity and low cost, but also because it is particularly valuable for 
thermochemical energy storage (the enthalpy of dissociation: 98kJ/mol H2) with an 
excellent cyclability at around 500°C; even after 550-600 cycles, the capacity remains at 
a level of 5-5.2wt% H2 (Bogdanovic et al. 2002). However, it is known that Mg2FeH6 
is more difficult to synthesize than the conventional Mg2NiH4. In a previous study, only 
the stoichiometric composition of (2MgH2/Mg + Fe) was investigated and there exists a 
considerable amount of un-reacted species, e. g. Mg, Fe and /or MgH2, in the final 
mixtures (Huot et al. 1997; Huot et al. 1998). Also there is no report on the sorption 
kinetics of the (Mg+Fe+H) ternary system. 
In this study, the direct synthesis of the ternary Mg2FeH6 was investigated by 
mechanically alloying MgH2 with Fe under both Ar and H2 atmospheres in order to 
optimise the conditions of forming Mg2FeH6. Both (3MgH2 + Fe) and (4MgH2 +Fe) 
mixtures were selected to tailor the yield of Mg2FeH6, Furthermore, the (MgH2+Fe+Cu) 
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system was studied to assess the possible beneficial effects of Cu on the hydrogen 
storage properties of the Mg2FeH6 and on the stabilization of the Mg2Fe binary 
compound in air before hydriding. The compositions of the three mixtures are shown in 
Table 4.7. The hydrogen desorption properties of the mixtures were studied using 
coupled TG/DSC. 
The milling was carried out up to 60 hours using a Fritsh P5 planetary ball mill 
under either a hydrogen or an argon atmosphere. For each experiment, the ball-to- 
powder weight ratio was 30: 1, a relatively common milling speed of 252 rpm was 
chosen in the study. 
Table 4.7 Different alloying mixtures for the synthesis of Mg2FeH6 
NAME OF MIXTURES COMPOSITION (mole %) 
3MgH2+Fe 75MgH2 + 25Fe 
4MgH2+Fe 80MgH2 + 20Fe 
3MgH2+0.5Fe+0.5Cu 75MgH2 + 12.5Fe + 12.5Cu 
4.7.1 Crystal structural characterisation by XRD 
To evaluate the effect of milling time, Fig. 4.66 compares the X-ray diffraction 
patterns of the (3MgH2 + Fe) mixture milled under argon from 2 to 60 hours. The 
diffraction pattern of the 2-hour milled sample is still basically the composite pattern of 
MgH2 and Fe, except the emerging of two very weak peaks, at 20 - 26 and 32°, which 
may be attributed to the orthorhombic high-pressure metastable y-MgH2 phase. This 
phase transformation has been reported in our previous studies, Sections 4.2 and 4.3. 
The pattern of 10 hours milling evidently shows the reduction of intensity and 
broadening of the MgH2 peaks. The diffraction pattern for 20 hours milling showed the 
first emergence of Mg2FeH6 with the presence of the two parent phases, MgH2 and Fe. 
The Mg2FeH6 phase increases with milling time and become the dominant phase after 
60-hour milling. The general phase evolution for the (4MgH2 + Fe) mixture during 
milling was identical to that of the (3MgH2 + Fe) mixture. 
An attempt was made to assess the effect of milling speed on the yield of 
Mg2FeH6i and a higher speed (Machine dial number, S=8; corresponding speed = 336 
rpm) was selected to compare with the normal S=6 (speed=252 rpm). The diffraction 
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patterns are shown in Fig. 4.67, and indicate that the high speed does not seem to 
facilitate much of the formation of Mg2FeH6: After 10 hours milling at S=8, there was 
still no sign of the new phase, and after 20 hours milling at S=8, the peak intensities of 
Mg2FeH6 are similar to those after 20 hours milling at S=6. 
To clarify the influence of milling atmosphere, Fig. 4.68 illustrates the XRD 
patterns of the (4MgH2+Fe) mixture milled under hydrogen and argon atmospheres, 
respectively, for 40 hours. It is evident that milling under hydrogen has considerably 
facilitated the convention of the parent phases into the new Mg2FeH6, though it is rather 
interesting to note that some MgO was formed in the sample milled under hydrogen. 
To further evaluate the effect of atmosphere, Fig. 4.69 compares the XRD patterns of 
the 60-hour milled samples of the (3MgH2 + Fe) under argon and the (4MgH2 + Fe) 
under argon and hydrogen. The patterns of the main phase, Mg2FeH6, are similar in all 
the three cases after such a long period of milling. However, there are some differences 
in the existence of other species, e. g MgO and residual Fe, Mg, and MgH2. For the 
(3MgH2 + Fe) mixture, the intensities of the Fe peaks are higher than those in the 
(4MgH2 + Fe) mixtures milled either under argon or under hydrogen, indicating that 
more un-reacted elemental Fe was left in the (3MgH2 + Fe) mixture. 
The phase evolution of the (3MgH2+0.5Fe+0.5Cu) powder mixture during 
milling is shown by the XRD patterns in Fig. 4.70. The pattern for 2 hours milling was 
more or less the composite pattern of all the parent phases. Peak broadening is noted 
after 10 hours milling. After 20 hours of milling, a new phase of MgCu2 was produced 
simultaneously with the formation of Mg2FeH6 and the disappearance of elemental Cu. 
This indicates that Cu has largely reacted with Mg either from the starting MgH2 (5% 
Mg) or produced from the formation of Mg2FeH6. The diffraction pattern of the sample 
milled for 40 hours shows an increased level of Mg2FeH6 and the presence of Fe, 
MgCu2, MgH2, and MgO. Further milling up to 60 hours did not show much change 
from the 40-hour milled sample. 
The dehydrided powder of the 40-hour milled (3MgH2+0.5Fe+0.5Cu) mixture 
heated from room temperature to 500°C was also tested by XRD and the pattern is 
shown in Fig. 4.71. After dehydrogenation, all the MgCu2 transformed to Mg2Cu. 
Mg2FeH6 completely decomposed into Mg and Fe. No free Cu was detected. 
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Fig. 4.66 Evolution of XRD patterns of the (3MgH2+Fe) mixture milled under an Ar atmosphere. 
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Fig. 4.67 Comparison of XRD patterns of the (3MgH2+Fe) milled under an Ar atmosphere with 
different milling speeds: S=6 (252 rpm) and S=8 (336 rpm). 
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Fig. 4.68 XRD patterns of the (4MgH2+Fe) mixture milled under H2 and Ar atmospheres, 
respectively, for 40 hours. 
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Fig. 4.69 Comparison of the XRD patterns of the mixtures after 60 hours of milling: a) (3Mgl! 2+Fe) 
milled under Ar; b) (4MgH2+Fe) milled under Ar; and c) (4MgH2+Fe) milled under H. 
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Fig. 4.70 Evolution of XRD patterns of the (3MgH2+0.5Fe+0.5Cu) mixture with milling time. 
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Fig. 4.71 XRD pattern of the dehydrogenated 40-hour milled (3MgH2+0.5Fe+0.5Cu) mixture. 
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Rietveld analysis was carried out to determine the evolution of phase 
composition and phase abundance of the milled mixtures and the results are reported in 
Table 4.8. It is noted that the amount of Mg2FeH6 yielded from the milled samples are 
79,71,62 and 40wt. %, respectively for (3MgH2+Fe) milled under Ar, (4MgH2+Fe) 
milled under Ar, (4MgH2+Fe) milled under H2, and (3MgH2+0.5Fe+0.5Cu) milled 
under Ar. The lowest yield was obtained when Cu was added to the (MgH2+Fe) 
mixture. 
Moreover, a large amount of MgO has been formed during milling, reaching 
33wt% in the (4MgH2+Fe) mixture milled under H2 and 35wt% in the 
(3MgH2+0.5Fe+0.5Cu) mixture. This is because more free Mg was produced during the 
formation of MgFe2H6, which reacted easily with oxygen to form MgO. 
Table 4.8 Rietveld refinement of the X-ray diffraction patterns of the mixtures of 
(3MgH2+Fe), (4MgH2+Fe) and (3MgH2+0.5Fe+0.5Cu), milled for 60 hours 
Phase 
(wt%) 
3MgH2+Fe 
(under Ar) 
4MgH2+Fe 
(under Ar) 
4MgH2+Fe 
(under H2) 
3MgH2+0.5Fe+0.5Cu 
(under Ar) 
"S"* 1.46 1.31 1.26 1.12 
Mg2FeH6 79.46 70.94 61.87 40.14 
Fe 4.10 1.99 1.42 - 
MgO 16.44 19.35 32.93 35.61 
MgH2 - 7.71 3.78 2.34 
MgCu2 21.91 
*: Goodness-of-fit 
4.7.2 Microstructural characterization by SEM 
The particle morphology and size of the 60 hours ball-milled (3MgH2+Fe) under 
argon and (4MgH2 + Fe) under both argon and hydrogen atmospheres were 
characterised using SEM. Figs. 4.72a-f show that the particle size of both mixtures 
(milled under argon and hydrogen) were significantly reduced after milling. It is also 
important to note that much smaller particles were produced in the mixture milled under 
a hydrogen atmosphere than under argon. This is due to hydrogen reduced the cold 
welding and agglomeration of the particles, and therefore enhanced particle breakage 
during milling. Fig. 4.72e shows an image at a high magnification for the (4MgH2+Fe) 
mixture milled under hydrogen, where the agglomeration of nanometer-sized particles 
and massive defects were observed on the surface of the large particles. SEM images of 
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the (3MgH2+0.5Fe+0.5Cu) mixture milled for 60 hours, Fig. 4.72f, shows 
inhomogeneous particle size distribution, where many large particles are dispersed 
among small ones. 
I 
Fig. 4.72 SEM images: a) As-received Fe; b) (3Mg1l, IFe) milled under Ar; c) (4Mgl 1, i Fe) milled 
under Ar; d) (4Mgti, fFe) milled under 11,; e) (4MgH, +Fe) milled under 112 at a high magnification; and 
f) (3MgH, +0.5Fe+0.5Cu) milled under Ar. All the mixtures were milled for 60 hours. 
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4.7.3 Calorimetric analysis 
DSC characterisations of the powder mixtures were carried out from room 
temperature to 500°C under 0. lbar hydrogen pressure to determine the desorption 
temperatures. Fig. 4.73 shows the DSC traces of the (3MgH2 + Fe), (4MgH2 + Fe) and 
(3MgH2+0.5Fe+0.5Cu) mixtures milled for 60 hours. The endothermic peaks at about 
350°C-360°C in Fig 4.73 are associated with the desorption of Mg2FeH6 and/or MgH2. 
The onset reaction temperatures of the (3MgH2 + Fe) milled under argon, the (4MgH2 + 
Fe) milled under argon and under hydrogen are 280°C, 290°C and 305°C, respectively. 
It is also noted that the desorption temperature of the milled mixtures are much lower 
that of the as-received MgH2 (-. 440°C). For the (3MgH2 +0.5Fe+0.5Cu) mixture milled 
for 60 hours, the endothermic peak at about 350°C is at a similar position to that of the 
(3MgH2 + Fe) milled under argon for 60 hours. Therefore it is also associated with the 
decomposition of Mg2FeH6/MgH2. The small peak at 480°C may be due to the phase 
transformation of MgCu2 to Mg2Cu during dehydrogenation of the mixture. The 
addition of Cu and transformation of MgCu2 to Mg2Cu dose not seem to influence the 
desorption temperature of the final milled (3MgH2 +0.5Fe+0.5Cu) mixture with the 
existence of Mg2FeH6, MgH2 and MgCu2. 
0 
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Fig. 4.73 DSC traces, under 0.1 bar of hydrogen, of the as-received MgH2, and the (3Mg1I2+Fe), 
(4MgH2+Fe) and (3MgH2+0.5Fe+0.5Cu) mixtures milled for 60 hours. 
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4.7.4 Hydrogen desorption at isothermal temperatures 
The hydrogen desorption curves at 320°C for the mixtures milled for 60 hours 
are shown in Fig. 4.74. The measurements were carried out under a small hydrogen 
partial pressure of 0.1bar. The kinetics of hydrogen desorption may be compared from 
the slopes of the mass loss curves. The (3MgH2+Fe) mixture milled under argon 
exhibits the most rapid desorption kinetics, desorbing hydrogen completely (3.5wt%) 
within 1000s at 320°C; whereas it took 2000s for the (4MgH2+Fe) mixtures milled 
under Ar or H2 to decompose effectively, with the mass loss of only about 3.0 wt% and 
2.2 wt%, respectively. This is in agreement with the DSC measurement, and may 
account for the presence of more Fe element in the (3MgH2+Fe) mixture, the catalytic 
effect of which on the hydrogen desorption of MgH2 has been reported by Liang and 
Hout et al. (Liang et al. 1999). The (4MgH2+Fe) mixture milled under hydrogen 
showed the slowest hydrogen desorption kinetics at 320°C, it may be due to the 
formation of massive MgO on the surface of the particles, which hinders hydrogen 
desorption. 
The TG curve of the (3MgH2+0.5Fe+0.5Cu) mixture exhibits a hydrogen release 
of about 2.25wt% at 320°C and the kinetics is similar to the (4MgH2+Fe) milled under 
hydrogen. Therefore, the substitution of 12.5mol% Fe by 12.5mo1% Cu dose not give 
rise to any improvement of the dehydrogenation properties. 
Since only a small amount of hydrogen was released at 320°C, the TG 
measurements were further carried out at a higher temperature, 350°C, for the 
(3MgH2+Fe) and (4MgH2+Fe) mixtures, Fig. 4.75. All the samples exhibited very fast 
kinetics. The completion of hydrogen release took about only 500s with the total mass 
loss of about 3.6-3.8wt%, which are close to the maximum hydrogen desorption 
capacities of the milled mixtures, indicating hydrogen can be totally released with rapid 
kinetics at 350°C. The slight mass loss in the very early stage, accounted for by the first 
plateau, is due to the evaporation of moisture from the mixtures. 
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Fig. 4.74 Kinetic curves of hydrogen desorption at 320°C under 0.1 bar H2 pressure: a) 
(3MgH2+Fe) under Ar; b) (4MgH2+Fe) under Ar; c) (3MgH2+0.5Fe+0.5Cu) under Ar; and d) 
(4MgH2+Fe) under H2. All mixtures were milled for 60 hours. 
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Fig. 4.75 Kinetic curves of hydrogen desorption at 350°C under 0.1 bar }i2 pressure for the 
(MgH2+Fe) mixtures milled for 60 hours. 
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4.7.5 Summary 
Mechanical alloying at room temperature of the non-stoichiometric 
compositions of (3MgH2+Fe) and (4MgH2+Fe) mixtures has effectively generated the 
ternary hydride Mg2FeH6 with a very high yield of about 80wt% from the (3MgH2+Fe) 
mixture and 71wt% from the (4MgH2+Fe) mixture milled under argon. There was no 
improvement in the final yield of Mg2FeH6 when the mixtures were milled under 
hydrogen. However, SEM images show much smaller particle sizes in the hydrogen- 
assisted milled mixture; therefore, the particle size reduction only facilitates the 
formation rate of Mg2FeH6 during milling. The mixtures after 60 hours milling show 
much lower decomposition temperatures, starting at about 300°C, than that of the as- 
received MgH2 (420°C). From the TG analysis, the (3MgH2+Fe) mixture exhibits 
relatively faster kinetics due to a higher Fe content. For the (3MgH2+0.5Fe+0.5Cu) 
mixture, the substitution of 12.5mol%Fe by 12.5mol%Cu leads to the formation of 
MgCu2, which reduces the final yield of Mg2FeH6 phase to 40 wt%, and also is unable 
to stabilise the Mg2Fe binary compound after dehydrogenation to enhance the hydrogen 
storage properties of the final product. 
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CHAPTER 5: DISCUSSION 
5.1 General Issues of Hydrogen Storage in Magnesium 
Hydrogen is an ideal clean energy carrier for both mobile and stationary 
applications, due to its high (theoretical) storage capacity, -7.6 wt%, low cost and light 
weight. However, widespread commercial applications are impeded by its high 
desorption temperature (between 300 - 400°C), a low plateau pressure of 10 Pa (or 104 
bar) at ambient (Bobet et al. 2000b), and a relatively slow absorption/desorption 
kinetics. Particularly the desorption kinetics has not been well studied before. Although 
many experimental efforts have been devoted to the key issues of MgH2, the results are 
very patchy, often inconsistent (even contradictory), and lack of due interpretation. A 
clear understanding of the important factors that influence the hydrogen storage 
properties is highly desirable, and so is the material structural evolution associated with 
the factors. 
Hence, the main objectives of this study were set: 1) to determine the effects of 
milling on particle size, lattice parameter, microstructure, phase composition and 
hydrogen desorption of the powder mixtures; 2) to evaluate experimentally the effect of 
selected chemical elements on hydrogen desorption of milled mixtures (e. g. transition 
metals, carbon or small amount of rare-earth metal) for the system; and 3) to improve 
the hydrogen storage properties of MgH2, including desorption and absorption kinetics, 
activation and thermodynamic stability. The overall aim is to develop new Mg-based 
hydrogen storage materials with high-hydrogen capacity, rapid kinetics and relatively 
inexpensive for hydrogen storage applications. The general discussion is organised in 
line with the objectives. 
Before the discussion of these factors, it is instructive to recap on the steps of 
hydrogen absorption and desorption in a solid. The process of hydrogen absorption 
includes, Fig. 2.14: 
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H2 (gas) -' > H2 (surface) -L-> 2H -L-> H (entering surface) -° > [H] (hydride 
formation at surface) -L-> [H] (hydride formation in bulk) 
" The transport and adsorption of hydrogen molecules onto the metal surface, 
" The dissociation of molecular hydrogen into atomic hydrogen at the surface, 
" Migration of atomic hydrogen through the surface layer, 
" Diffusion of atomic hydrogen through the crystal lattice, and 
" The nucleation and growth of the hydride phase at the surface and in the metal 
lattice. 
The controlling factor of the kinetics is the slowest mechanism. Any one of these steps 
may be the slowest, and therefore could be the rate-controlling step. Generally speaking, 
only one of the above steps has a rate slow enough, compared to the others, to control 
the whole reaction. However, for most of the hydrogen-metal systems, it is very 
difficult to clarify the true rate-determining mechanism. The major aims of kinetic 
studies are to identify the regulating steps and the methods of speeding up the kinetics. 
5.2 Effect of Mechanical Milling on Hydrogen Storage Properties 
Pure Mg surfaces do not have sufficient ability to absorb and dissociate 
molecular hydrogen to enable atomic diffusion (NÖrskov et al. 1981), and the existence 
of a surface oxide layer often exacerbates the situation. Past research (Vigeholm et al. 
1987) has shown that Mg in the form of powder with a large surface-to-volume ratio 
can enhance the availability of physisorption and diffusion of hydrogen on the metal 
surface and absorbs hydrogen more readily than bulk magnesium. 
Mechanical milling is effective in reducing powder size and creating 
fresh/oxide-free surfaces, as observed in Figs. 4.1-4.2, and hence provides a useful 
means of improving the absorption/desorption properties. It is reported that Mg powder 
with an average particle size smaller than 60-100µm allows complete hydrogenation of 
Mg, while this rarely happens in bulk Mg. Almost 70% of the hydrogenation reaction 
can be completed within 1 hour at about 330°C in Mg powder (Zaluska et al. 1999). 
Most of the powder particles in the currently milled samples are sub-microns in size, 
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which should offer even better improvement. The desorption curve at 350°C in Fig. 4.3 
for the MgH2 milled for 20 hours indeed shows that the desorption was complete within 
20 minutes, far shorter than the literature example. 
Hydrogen absorption/desorption involves thermally activated diffusion 
processes, where a critical temperature exists for effective hydrogen 
absorption/desorption. Figs. 4.4 and 4.5 provide clear evidence of such critical 
desorption temperatures for the milled samples. Only 20 hours milling is sufficient to 
reduce the desorption temperature by a maximum of about 50°C. Prolonged milling to 
60 hours does not lead to further reduction in the desorption temperature. The main 
reason seems to lie in the powder size: there is little further reduction in the particle size 
when the sample was milled from 20 to 60 hours, as noted in Figs. 4.1 (b) and (c). 
Hence, no further improvement was observed under the present milling conditions. 
On particle size distribution and specific surface area of MgH2 with milling 
time (Figs. 4.6 and 4.7, Table 4.1), the particle size analysis agrees with the SEM 
observation shown in Fig. 4.1. It again shows that 20 hours milling is sufficiently 
effective to reduce the particle size to the nano-meter scale, and prolonged milling does 
not lead to much further reduction of the size, particularly the mean sizes and the Dso 
values for both cases are similar. All the milled particles show a tendency of a "bi- 
modal" distribution. The (D90-Djo) values are also similar, -30µm, -28µm and -279m 
for the samples milled for 10,20 and 60 hours, respectively. The "bi-modal" nature may 
be responsible for the split peaks in the DSC trace of the 20-hour milled sample (Fig. 
4.5). There are no split peaks for the prolonged milling (60 hours) possibly because the 
"apparently" large particles are actually agglomerates of very small ones. 
The positive influence of a fine grain size on the kinetics of Mg-based hydrogen 
storage materials has also been confirmed by Zaluska et al. (Zaluska et al. 1999). The 
most rapid absorption was observed for the powder with an average grain size of about 
20-30 nm. This factor attracted great interest on the production of nanocrystalline Mg- 
based hydrogen storage materials. Nanocrystalline materials possess nanometer-sized 
crystallites (typically, 5-100nm), with high grain boundary areas, the amount of atoms 
located within or close to the grain boundaries become significant, which allow the 
atomic hydrogen to penetrate the material through the boundaries more readily. In 
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addition, the large number of interfaces and free surface area due to very fine 
microstructure should enhance hydrogen diffusion. This microstructure also provides a 
wide variety of storage sites with different binding energies from the normal sites, 
which may change the thermodynamic properties of the material and usually lead to 
much enhanced hydrogen storage properties, with ease of activation and low absorption 
temperatures (Berlouis et al. 2000). 
Moreover, milling the hydride, instead of the metal, can produce novel 
nanostructures with a high specific surface area (surface area per volume), of great 
benefit to hydrogen sorption kinetics. This point is much clearer from the results 
discussed below. The presence of hydrogen is likely to reduce the level of oxidation 
during mechanical alloying (Schulz et al. 1999), if the milling pot is properly sealed to 
avoid continuous leaking of atmospheric oxygen. 
5.3 Effects of Chemical Additions on Hydrogen Storage Properties 
A suitable chemical addition may have at least one of two beneficial effects: 1) 
surface catalysis that stimulates hydrogen activities around particle surfaces; and 2) 
solid-solutioning effect (or formation of a new phase) that enhances hydrogen 
storage/release from the bulk. Very often, the two effects are not clearly distinguished in 
the literature. However, clarification of such effects is very useful. For instance, if 
surface catalysis is more effective, then effort should be devoted to maximising the 
surface effect; and if solid-solutioning is more important, then intensive mechanical 
milling, or even pre-alloying of an ingot, would be more appropriate. This issue was 
clarified at the end of this part of the project. 
Before further discussion of the above issue, it is necessary to identify the most 
effective chemical elements that can improve the desorption properties of MgH2. 
Detailed examination of the structural evolution is essential to the understanding of their 
effects on desorption properties. 
A systematic investigation of mechanically alloyed (MgH2+M) and (Mg+M) 
systems (M = Al, Ti, Fe, Ni, Cu and Nb) was first carried out to evaluate the 
microstructural differences between the milled (MgH2 + M) mixtures and the 
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corresponding (Mg + M) mixtures, and to compare the catalytic and alloying (solid- 
solutioning) effects of these alloying elements on hydrogen desorption of the powder 
mixtures, so as to and further identify an optimum catalyst for MgH2. 
In the first set of experiments, MgH2 or Mg was mixed with a transition metal, 
such as Ti, Fe, Ni, Cu, Nb, or a light metal Al. Ni, Cu and Al possess a face centred 
cubic (fcc) structure, Fe and Nb a body centred cubic (bcc) structure, and Ti a 
hexagonal structure (hcp). Fe, Ni, Cu and Al do not form hydrides under normal 
conditions, while Nb and Ti react with H2 to form stable hydrides: bcc-NbH,, (x<0.9) 
and fcc-NbH2 (Esayed and Northwood 1992), and hcp-TiH (Numakura and Koiwa 
1984) and fcc-TiH,, (, -1.57.1,90), (Irving and Beeves 1971), respectively 
It is shown that MA of MgH2 with these metals leads to the formation of 
(Mg, M)H,, solid solutions, as indicated by the lattice parameter change (reduction) of 
MgH2 or Mg, Table 4.2 and Fig. 4.10, and, sometimes, also new phases, Figs. 4.8 and 
4.9, depending on the property of the elemental metal. Although the solubilities of the 
elements in Mg are relatively low, see Table 5.1, mechanical alloying is expected to 
extent the solubility of the elements in Mg or MgH2. 
From the Rietveld analysis, the variation of the lattice parameter and the phase 
ratios with the added metal are clearly seen in Table 4.2. It is noted that the unit cell 
volume of MgH2 is reduced to various extents with the different alloying elements. The 
largest volume contraction of MgH2 is in the (MgH2 +Ti) and (MgH2 + Ni) mixtures, 
followed by the mixture with Al, Cu, Fe and Nb, respectively, which indicates that a 
certain amount of the elements has been dissolved into MgH2. This is in agreement with 
the fact that all the alloying atoms are smaller than the Mg atoms, rMg 1.60 A> rT; 1.47 
A> rNb=1.45 A> ru=1.43 A> rc. =1.27 A> rFe 1.26 A >rN; 1.24 A. It has been 
reported that the variation of the unit cell volume can be correlated with the change of 
the plateau pressure in the La(Nii.,, M,, )s pseudo-binary system (Percheron-Guegan 
1995), where M is another transition metal; a volume contraction leads to an increase of 
the plateau pressure of the La(Nit.,, M,, )s hydride. For a metal hydride system, the Van't 
Hoff equation is given by equation (5) in Chapter 2. An increase in the plateau pressure 
results in a reduction of the operating temperature for hydrogen release. Therefore, the 
introduction of a transition metal into the MgH2 lattice, which gives rise to the cell 
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volume contraction, should lower the desorption temperature of MgH2. To confirm this, 
it is necessary to carry out the P-C-T measurement for the (MgH2+M) systems in the 
future. 
The effect of solid solutioning changes the electronic structure of the material, 
particularly the bond order or bonding strength between hydrogen and Mg. Many 
elements are shown to bring about a weakening effect on the bonding strength, 
facilitating hydrogen diffusion in the lattice (Song et al. 2003). 
Table 5.1 Solid solubility of additive M* in Mg and vice versa around 100-200 °C (* M= 
Al, Ti, Fe, Ni, Cu and Nb) 
M (additive metal) M in (Mg), at% Mg in (M), at% 
Al -0.9 -1.0 
Ti -0.0 -0.9 
Fe - 0.00043 -0.0 
Ni -0.0 -0.0 
Cu - 0.013 Maximum - 6.93 
Nb - 0.0 - 0.0003 
Estimated from: Phase Diagrams of Binary Magnesium Alloys (Nayeb-Hashemi and Clark 
1988) 
The microstructural refinement in these chemically alloyed mixtures is similar to 
that of milled MgH2 or Mg, Figs. 4.12- 4.13. Milling with MgH2, rather than Mg, leads 
to a much finer powder size for the same reason as discussed in Section 5.2. 
Many of the additions, such as Ni, Fe, Cu, and Ti, have a catalytic effect on 
magnesium. The addition of a catalytic metal can enhance the dissociation of hydrogen 
molecules on the Mg surface, such as palladium and nickel (Zaluski et al. 1997). 
Another important influence of catalysts is that the sorption process becomes insensitive 
to surface oxidation due to the fully or partially covered Mg surface by a catalyst along 
with hydrogen atoms, which allow hydrogen diffusion through the interface between 
magnesium and the additive material, avoiding the necessary activation of the Mg 
powder. Although there are still some drawbacks for the application of catalytic 
modification on Mg, such as the reduction of hydrogen storage capacity, it is still an 
important and effective method of improving the kinetics of hydrogen 
desorption/absorption. 
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The relative effectiveness of the additives on hydrogen desorption is clearly 
illustrated in Fig. 4.14 (The overall behaviour of the hydrides also encompasses the 
effect of the 20-hour mechanical alloying). Ni is shown to be the most effective among 
the elements studied here, followed by Al and Fe. Since a certain amount of the 
elements has been mechanically alloyed into MgH2 or, in some cases, new phases are 
formed, the overall influence of an element should be a reflection of both catalytic and 
solid-solutioning effects (and/or effect of a new phase, if any). 
The sudden abnormal weight gain at the beginning of the desorption curves in 
Fig. 4.14 is likely due to the effect of a certain degree of oxidation of the metallic 
additions, whereas the as-received and milled MgH2 (Fig. 4.3, top), essentially 
consisting of only the relatively stable hydride, show little tendency of oxidation at the 
low temperature. The TG vacuum was in fact very high, 2.5 x 10-6 bar, with a very low 
oxygen partial pressure or residue, and it is unlikely that the oxidation will continue to 
play a role in the mass change, once the initial oxygen is consumed to form a thin/stable 
layer on the metal additions at the top of the powder samples. Moreover, with such high 
vacuum and rapid heating rate (50°C/min) for the TG measurements of this set of 
samples, a mass increase may be observed due to re-impacting of some gas molecules 
on the crucible and crucible support. This can usually be eliminated by reducing the 
heating rate or increasing the pumping cross-section (Hatakeyama and Quinn 1999). 
The sudden abnormal weight gain shown in the TG analyses in Section 4.3, Figs. 4.33- 
4.35, is also due to these reasons. Therefore, for subsequent experiments, the partial 
hydrogen pressure of 0. lbar and a lower heating rate of 30°C/min were used for TG 
measurement. The use of hydrogen atmosphere not only avoids high-vacuum 
measurement, but also protects the sample from oxidation. 
To clarify further the mechanisms of chemical influence, Ni was selected for 
further study. It was simply mixed for 1 hour in a Spex mill with a batch of MgH2 
powder that had been milled for 20 hours. No mechanical alloying or solid-solutioning 
was expected in this case (Fig. 4.15). The DSC trace, Fig. 4.16a, was compared with 
those of the mechanically alloyed (MAed) (MgH2+Ni) sample, Fig. 4.16b, and a simply 
mechanically milled MgH2 sample, Fig. 4.16c, under identical prior-milling conditions. 
Both the mixed and mechanically milled (MgH2+Ni) samples show similar desorption 
on-set temperatures at 240°C and major desorption peaks at 280-310°C, which indicate 
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that in the case of Ni, the catalytic effect is the predominant one in reducing the 
desorption temperature. Compared with the on-set desorption temperature of the simply 
milled MgH2 sample, Fig. 4.16c, it is seen that the catalytic reduction in the desorption 
temperature is about 100°C (or K), i. e. from 380 to 280°C, while the influence of the 
mechanical alloying, so far, only leads to about 50°C reduction in the desorption 
temperature between Fig. 4.16c and Fig. 4.16d (major peak temperature). The combined 
effect of both chemical and mechanical alloying results in a -150°C drop in the 
temperature for desorption at the moment, compared to the as-received MgH2, Fig. 
4.16d. More effort is required to reduce the sorption temperature even further, e. g. by 
another 150°C, for the system to be practically viable for mobile applications. 
Moreover, the magnitude & width of the desportion peak reflect the desorption 
kinetics and volume, i. e. the speed and the amount of hydrogen released. The MAed 
(MgH2+Ni) show a sharper and narrower peak than the mixed counterpart, indicating 
that more hydrogen is released at a faster rate in the former case. This point is further 
quantified in Figs. 4.17 and 4.18, where the hydrogen mass loss was much greater in the 
MAed sample than in the mixed sample at a given temperature, Fig. 4.17, unless the 
desorption temperature is very high, > 450°C. The desorption kinetics (and the amount) 
of hydrogen is also higher in the MAed sample than in the mixed, Fig. 4.18. The finding 
implies that mechanical alloying of a chemical element by means of enhanced solid 
solutioning and/or the formation of a new phase, in this case, - 4.39wt% Mg2NiH4 
(Table 4.2), can improve the desorption kinetics of MgH2 to some extent, although 
solid-solutioning and/or the formation of the new phase does not further reduce the 
desorption temperature, and the dominant effect is the catalytic effect of Ni. 
At this point, it is also instructive to examine further the "twin-peak 
phenomenon noted more or less in all the three desorption curves of the milled samples 
in Fig-4.16. The splitted minor peak, as clearly seen at -360°C in Fig. 4.16b for the 
MAed sample and in Fig. 4.16c for the milled pure MgH2, could be attributed to the 
decomposition of the high-pressure y-MgH2 formed in MAed samples, see Fig. 4.9 and 
Table 4.1, e. g. explained in ref. (Gennari et al. 2001) (see further discussion later). 
However, careful examination of the MAed samples with the presence of y-MgH2, e. g. 
the MgH2 milled for 60 hours in Fig. 4.5, reveals that not all the relevant samples give 
rise to "twin peaks". Hence, the presence of y-MgH2 cannot be solely responsible for the 
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phenomenon. It seems that the samples exhibiting the phenomenon were all milled for 
about 20 hours. Further examination of the SEM micrographs indicate that the samples 
milled for 20 hours show a very evident "bi-modal" particle size distribution, compared 
with the as-received and the 60-hour milled samples, Figs. 4.1,4.2, and 4.12. It has been 
noted, e. g. in Fig. 4.5 and in the literature (Zaluska et al. 1999), that particle size is very 
influential to the desorption kinetics and temperature. Hence, as briefly explained in the 
last Chapter, it is very likely that the "twin-peaks" are due to the different desorption 
kinetics or temperature of the small and large particles in the "bi-modal" mixtures. 
Mechanical milling is known to generate "bi-modal" particle distribution for an 
intermediate period of milling time (Suryanarayana 2001). This period of time seems to 
be around 20 hours under the current milling conditions, as both the 10-hour and the 60- 
hour milled MgH2 samples do not show the "twin-peak" phenomenon, Fig. 4.5. The 
relatively large 2°d-peak around 380°C for the mixed (MgH2 + Ni) sample, Fig. 4.16a, is 
due to non-uniform distribution or poor catalytic coverage of Ni in places. This poor 
distribution of catalytic Ni may be exacerbated by non-uniform particle sizes, i. e. 
relatively large particles being even poorly covered by Ni, leading to a relatively 
pronounced 2 °d peak. 
It is found that during MA of the (MgH2+M), a certain amount of the low- 
temperature tetragonal ß phase of MgH2 transforms into the high-pressure orthorhombic 
y phase, Fig. 4.9: 
ß-MgH2 4 y-MgH2 
The amount of the y-MgH2 phase varies slightly with the type of the alloying element in 
the mixture, Table 4.2. 
From the literature, it has been observed that the ß-phase transforms into a y- 
phase after being treated at high pressures (2.5 to 8 GPa) and high temperatures (250 to 
900 °C) for 1 to 3 hours (Bastide et al. 1980). It is also reported that the ß-MgH2 phase 
partially transforms into a metastable y-MgH2 phase after being subjected to a high 
compressive stress. The transformation starts at P=2.5 GPa where the two phases co- 
exist up to 8 GPa. The ß-phase transforms totally to the y-phase on heating up to 350 T. 
Later, an investigation performed under a high pressure, shows that ß -) y 
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transformation occurs at a pressure of 8 GPa and a complete transformation to the y 
phase is achieved at pressures greater than 10 GPa (Lityagina et al. 1985). 
Huot et al. (Huot et al. 1999) have reported that after ball milling of MgH2 using 
a Spex 8000 shaker mill with a ball-to-powder ratio of 10: 1, the y-MgH2 phase is 
formed and its amount reaches a maximum of 18 wt% after 2 hours of milling. MA 
produces high impact energy between colliding balls, which is well-known to generate 
metastable phases. The polymorphic transition, ß -3 y, within the MgH2 is thus a result 
of such an effect. Here about 8wt% y phase has been obtained in the MgH2 related 
mixtures after 20 hours of milling, Table 4.2. Huot et al. (Huot et al. 1999) note that the 
disappearance of the y phase after cycling did not change the kinetics, indicating the ß 
3y phase transformation does not affect the kinetics of MgH2. However, Gennari et al. 
(Gennari et al. 2001) suggest that the presence of y-MgH2 produces a synergetic effect 
during hydrogen desorption that stimulates ß-MgH2 decomposition at lower 
temperatures when explaining the appearance of double peaks observed in the DSC 
trace of the milled sample. The effect of y-MgH2 cannot be singled out for further 
analysis from the current study, due to simultaneous effects of chemical alloying on the 
observed desorption results. 
5.4 Coupled Mechanical Milling and Chemical Alloying Effects 
In order to further clarify the coupled effect of chemical alloying and mechanical 
milling, the structural stability and dehydrogenation of (MgH2/Mg+Nb) and (MgH2+Al) 
mixtures were further investigated under a range of different milling conditions. There 
has been little effort to study systematically and compare the different effects of the two 
selected metals, Nb and Al, on structural characteristics and hydrogen desorption of the 
Mg-H system. Nb is a bcc transition element and forms two types of hydrides, NMI,, 
(x<0.9) with a bcc structure and NbH2 with an fcc structure, NbH2 is unstable and 
decomposes into NbH and hydrogen at ambient temperature (Esayed and Northwood 
1992), while Al is an fcc metal and does not form stable hydrides at normal conditions. 
So it is important to compare the thermodynamic and kinetic modifications when MgH2 
is milled with a transition metal (Nb) and a light metal (Al). It is also expected that MA 
of MgH2 with both Nb and Al can lead to the formation of (Mg, Nb)Hx and (Mg, AI)IH,, 
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hcp solid solutions. The dissolution of both Nb and Al into Mg should destabilise the 
Mg hydride and so reduce its decomposition temperature. In a previous study of a 
(TiH2-22at%Al-23at%Nb) mixture (Bououdina and Guo 2002), it was noted that a 
(Nb, Ti)H,, solid solution was readily formed within 2 hours of milling, its amount 
increases with milling time. It is envisaged that mechanical alloying of (MgH2+Nb) and 
(MgH2+Al) mixtures may lead to the formation of enhanced solid solutions, such as hcp 
(Mg, Nb)H,, and (Mg, AI)H, t, or bcc (Nb, Mg)H,, and fcc (Al, Mg)HX, respectively, with 
improved hydrogen storage properties. 
The microstructure of the mechanically milled samples, Figs. 4.19,4.20, and 21, 
show similar trend of particle size reduction to those discussed in previous sections, 
with much enhanced refinement of the particles when MgH2, instead of Mg, was 
involved in the samples. The X-Ray dot-maps in Fig. 4.22 for the (MgH2 +Nb) sample 
milled for 20 hours indicate that a certain level of "atomic" alloying exists in the 
sample, due to simutenuous presence of Mg and Nb elemental images in some regions 
of the dot-maps. At the same time, there are also large Nb particles that have not been 
"alloyed" into MgH2 or vice versa. 
Pelletier and Huot et al. (Pelletier et al. 2001) have shown that MA of MgH2 
with 5 at% of Nb leads to the formation of a new bee phase with extremely fine 
microstructure. The obtained nanocomposite possesses much improved kinetics during 
both absorption/desorption and a reduced desorption temperature. Nb nanometer- 
particles may play a catalytic role for hydrogen absorption. The report (Pelletier et al. 
2001) attributes the new bcc phase to a Nb hydride (NbH0.6). However, the formation of 
a bcc-(Nb, Mg), or even a (Nb, Mg)HX solid solution cannot be ruled out completely. 
Hence, careful examination of the crystal structural evolution of the (Mg+Nb) and the 
(MgH2+Nb) mixtures is required in order to identify the formation mechanism of the 
new bcc phase. 
The (Mg+lONb) Mixture: 
Here the formation of the Bccl phase in the (Mg +l ONb) mixture was confirmed 
by XRD, Fig. 4.23, and the Rietveld analysis, Table 4.3; the phase is certainly a 
(Nb, Mg) solid solution. The lattice parameters of Mg slightly decrease with milling 
time, Table 4.3, due to the dissolution of a small amount of Nb into the Mg lattice, in 
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agreement with an atomic radius reduction (rte, =1.45 A< rMg 1.60 A). From the Mg-Nb 
phase diagram (Smith 1996), the solubility of Nb in liquid Mg is shown to be 0.05wt% 
at 1200°C; the equilibrium solubility of Mg in Nb is shown to be only about 0.04 wt% 
at room temperature, Table 5.1, which increases slightly with temperature. The (Nb, Mg) 
solid solution obtained here should contain a far higher level of Mg in Nb to account for 
the lattice expansion in elemental Nb and the formation of Bccl. 
The (MgH2+lONb) mixture: 
Regarding the formation of another bcc phase, Bcc2, during MA of the (MgH2 + 
IONb) mixture, it is clearly seen that the amount of the newly formed Bcc2 phase 
increases while those of the ß-MgH2 and the Nb decrease with increasing milling time, 
as shown in Fig. 4.24. The following three possibilities may be involved: 
1) Formation of a bcc Nb hydride via migration of hydrogen atoms from MgH2 to Nb 
lattice, leading to a mixture of MgH2_,, and NbHX phases: 
MgH2 + Nb -) MgH2, + NbH,, 
2) Formation of a (Nb, Mg)H, solid solution via solid state reaction: 
MgH2 + Nb 4 MgH2_,, + (Nb, Mg)HX; and 
3) Formation of a (Nb, Mg) solid solution, since the as-received MgH2 powder 
contains 5 wt% of pure Mg: 
Mg + Nb 3 (Nb, Mg). 
If the newly formed phase is an intermediate Nb hydride and according to the 
expression showing an relationship between the evolution of NbH,, lattice parameter and 
the hydrogen content reported earlier (Pick and Bausch 1976), it is possible to evaluate 
the hydrogen content: 
(4.72 ± 0.25) x 10-4 per at% (H/Nb) 
The lattice expansion of the newly formed phase is about 4.09%, this corresponds to a 
stoichiometric hydride of NbHo. 83 " 
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The possibilities of 1) and 2) listed above are competitive and both could be 
considered to explain the formation of a Nb hydride phase. The first possibility suggests 
that H2 will migrate from MgH2 to Nb via a diffusion mechanism to form progressively 
NbHX, where the process could be divided into four stages: i) H? " atoms in MgH2 
diffuse from the bulk into the surface to form H? "; ii) Migration of Hr H from the 
surface of MgH2 to be adsorbed on the surface of Nb and form H, ", d' ; iii) Hä 
° atoms 
diffuse from the surface to the bulk of Nb to form H, ',,,; and, finally, iv) the formation 
of a Nb hydride, NbH,, which depends on the milling conditions (mainly the time). 
The second possibility involves solid-state reaction between Nb and MgH2 to 
form a (Nb, Mg)H,, solid solution. This can also involve diffusion, or truly mechanical 
alloying of Mg with Nb. The third possibility is simply due to residual Mg metal in the 
hydride powder, which has been shown in the X-ray diffraction pattern (Fig 4.24) and 
confirmed by the Rietveld analysis. 
Neutron diffraction is a powerful tool to study crystal structure, where the site 
occupancy could be determined precisely. Rietveld analysis of neutron powder 
diffraction allows for the determination of metallic site occupancy and localisation of 
interstitial hydrogen atoms in intermetallic compounds. By refining site occupancy of a 
bcc phase, NbH,, or (Nb, Mg)H, {, we can clearly identify whether 
Nb site contains Mg or 
not, and hence the exact mechanism of the formation of Nb hydride or (Nb, Mg)Hx 
during MA. It is also possible to determine more precisely the hydrogen content. 
It is important to note that the atomic radius of Mg is larger than that of Nb, 
rMg 1.6 A> rNb=1.45 A, which agrees with the observed lattice expansion of 3.9% from 
bcc-Nb to Bcc2. Hence, it is possible that a (Nb, Mg) solid solution is formed in the 
(MgH2 + Nb) mixture. The XRD patterns of the (MgH2 + Nb) mixture show that the 
diffraction peaks of the new bcc phase, Bcc2, do not seem to change their positions with 
milling time, Fig. 4.24. Rietveld analysis further proves that the lattice parameter of the 
newly formed bcc phase does not change with milling time and only its amount 
increases, Table 4.4. This may be due to a maximum solid solubility of Mg into Nb 
being reached after 2 hours of milling under the present milling conditions. 
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The lattice parameter of the Bcc2 phase seems to be only slightly larger than that 
of the Bccl, Fig. 4.29. The volume expansions of a unit cell from bcc"Nb to Bccl and 
Bcc2 are, respectively, 12.3 % and 12.8 % after 20 hours of milling, the difference of 
which is very small. So the possibility of the formation of a bcc (Nb, Mg) solid solution 
in the (MgH2+1ONb) mixture also exists, due to the existence of about 5wt% pure Mg. 
This explains the 3`d possibility. 
The lattice parameters of MgH2 in the (MgH2+Nb) mixture are noted to reduce 
further with increasing milling time, Fig. 4.27, which is likely due to the increased 
solution of Nb in the MgH2, as the atomic radius, rNb = 1.45A < rMg = 1.60 A. With 
increasing milling time, the amount of the parent phases, MgH2 and Nb, reduces 
rapidly, while that of the newly formed Bcc2 increases, Fig. 4.28, due to continued 
phase transformation during the milling process. 
Furthermore, a rich Nb composition has been prepared. XRD pattern of 
(MgH2+50wt%Nb) mixture milled for 20 hours (Fig. 4.25) shows the formation of a 
"composite" material containing mainly MgH2 and the intermediate Bcc2. In Table 4.5, 
Rietveld analysis indicates that the amount of the Bcc2 phase is 66.5 wt%, higher than 
that of the ß-MgH2,33.51 wt%. 
The (MgH2 + 10 Al) mixture 
For the (MgH2+IOA1) mixture, the evolution of the ß-MgH2 and Al with milling 
time is reported in Figure 4.26 and Table 4.6. It is clearly shown that with increasing 
milling time, the amount of Al increases while both ß-MgH2 and Mg decrease. 
Regarding the phase composition as well as the change in the Al lattice parameter, the 
following reactions may be proposed, similar to the previous case: 
1) Mg + Al -> (Al, Mg) 
2) MgH2 + Al -> MgH2, + AlHX 
3) MgH2 + Al -- MgH2_X + (Al, Mg)HX 
From the Mg-Al phase diagram (Murray 1996), the maximum solubility of Mg in 
Al is 18.9 at% at the eutectic temperature of 450 °C and about 1.0 at % at room 
temperature. Since pure Mg exists in the as-received MgH2 powder, and both the lattice 
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parameters and the amount of Al increase with milling time, Table 4.6, the formation of 
a (Al, Mg) solid solution is possible. 
There is no stable Al hydride at normal conditions. Hence the second reaction 
may be excluded from further consideration. The reaction of MgH2 with Al during 
milling to form an intermediate (Al, Mg) hydride may be envisaged. However, there is 
no firm evidence for this mechanism. As suggested in the previous case for the (MgH2 + 
1ONb) mixture, neutron diffraction is the only technique allowing the determination of 
the Mg content in solution of Al and location of interstitial hydrogen atoms in the 
compound. 
It is noted in Fig. 4.30 that the amount of MgH2 decreases and that of Al 
increases with increasing milling time, due to the continued mechanical interaction. The 
interesting phenomenon is the increase of the lattice parameter of the remaining Al with 
milling time, as seen in Fig. 4.3 1. This is mainly because of increased solid solutioning 
of Mg into Al, as the Mg atom is about 12% greater than that of Al. 
Fig. 4.32 shows the evolution of microstrain for both Al and MgH2 with milling 
time. It is clearly seen that the accumulated strains increase with milling time. The strain 
is much higher in Al than in MgH2, e. g. 48 % higher after 2 hours of milling. The large 
difference may be attributed to the lattice distortion as a result of the dissolution of Mg 
in Al to form an fcc - (Al, Mg) solid solution and the larger atomic size of Mg. 
With the thorough analyses of the lattice structural evolution described above, it is 
now high time to discuss the desorption characteristics of the mixtures. The desorption 
of hydrogen of both the (MgH2+l ONb) and (MgH2+1 0A1) mixtures at 300°C shows that 
the kinetics and the total amount of hydrogen desorbed increases with milling time up to 
20 hours, Figs. 4.33 and 4.34. This is mainly because of continued refinement of the 
particle size as well as increased uniformity of mixing and enhanced solid solutioning of 
the respective alloying element. Particularly, the formation of the Bcc2 phase in the 
(MgH2+l ONb) sample, with a relatively "open" bcc lattice structure, facilitates diffusion 
of hydrogen in the bulk of the phase. The beneficial effect of a bcc phase has also been 
identified in the past, as in Ref. (Akiba 1999). The effect of Al may also be due to the 
relatively high conductivity of Al, which facilities heat transfer into the mixture during 
the endothermic desorption reaction, and hence enhances the reaction kinetics. 
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The desorption characteristics of the two alloyed mixtures milled for 20 hours 
are further compared with those of the as-received MgH2 and the MgH2 milled for the 
same period of time, Fig. 4.35. The beneficial effects of MA and coupled MA and 
chemical alloying are evident: much enhanced desorption kinetics and considerably 
increased levels of desorbed hydrogen. Again, further reduction in the desorption 
temperature is required. The added elements have not yielded all the desirable results. 
One of the possibilities is to identify new (complex) hydrides and/or new catalysts. The 
following section analyses the characteristics of the hydride with the addition of a non- 
metal element, carbon. 
5.5 Effect of Carbon on Hydrogen Desorption and Absorption of Mg 
For the first hydrogen uptake, Mg usually needs to be "activated" by being 
exposed to a high temperature and a high hydrogen pressure for a few tens of hours. 
This is due to the fact that the surface oxide/hydroxide layer in Mg is impermeable to 
hydrogen. Therefore, the surface of Mg must always be clean and allowing hydrogen to 
reach the underlying Mg. 
To reduce the time needed for full activation and fast hydrogen uptake of Mg, it 
has been found that crystalline carbon drastically improves the activation behaviour and 
absorption kinetics of Mg or Mg2Ni. Milling Mg with as little as 1 Owt% of graphite for 
only 30 min has been found to generate much more rapid hydrogen uptake at 300°C 
than pure Mg milled for a longer period of time under the same milling conditions 
(Bouaricha et al. 2000; Bouaricha et al. 2001). The material can be fully activated by 
the addition of graphite, which inhibits the formation of a new oxide layer once the 
initial oxide layer is broken. 
Imamura et al. (Imamura et al. 2002; Imamura et al. 2000) have proposed that 
the use of organic additives, such as benzene and cyclohexane, in the Mg/graphite 
mixture to enhance the solid-phase interaction between graphite and Mg during milling, 
since mechanical milling for only a short period of time leads to the graphite being 
broken irregularly and rapidly becoming amorphous; such graphite could not interact 
with Mg and the activation of hydrogen absorption cannot be realised either. They have 
identified that the additives promote the transformation of graphite into thin flakes with 
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cleavage planes normal to the surface of Mg, and such a structure leads to a strong 
influence on the hydrogen storage properties of the mixture. Fast absorption kinetics can 
be obtained at 180°C. 
However, there is no report about the hydrogen desorption kinetics of the 
mixture of Mg milled with graphite in the literature. In our study, both hydrogenation 
and dehydrogenation properties of the (MgH2+graphite) mixture were investigated. 
In the relatively less energetic milling condition (speed: 168.4 rpm), the phase 
evolution of the (MgH2+1OG) with milling time was shown in Fig. 4.36. It took about 
15 hours of milling to destroy completely the crystalline structure of graphite, as 
indicated by the disappearance of the characteristic diffraction peaks of graphite. As 
report by Imamura et al., destroyed graphite structure does not influence the surface and 
interface state of the material, Therefore, milling should be limited to a short period of 
time, no more than 15 hours in order to present the effect of graphite on absorption of 
hydrogen. The position of the diffraction peaks of MgH2 shows no shift with milling, 
indicating that the dissolution of C into MgH2 did not occur, at least not to a significant 
extent. This is in agreement with the report in the binary phase diagram that the 
solubility of C in Mg is extremely low (Nayeb-Hashemi and Clark 1988). 
By comparison of the XRD patterns of the MgH2 milled for 8 and 15 hours with 
those of the (MgH2+l OG) milled for the same periods of time (Fig. 4.37), the addition of 
graphite does not significantly change the crystallite size of MgH2. This is different 
from the result by Bouaricha et al. (Bouaricha et al. 2001), in which a sizeable reduction 
of the crystalline size of Mg is reported, even after milling Mg with graphite for only 30 
min. The difference is possibly due to that the MgH2 is very brittle and its crystallite 
size is already very small in our case. However, Bouaricha et al. (Bouaricha et al. 2001) 
also show that the reduction of the crystallite size is not responsible for the improved 
activation characteristics of the material. 
Moreover, the SEM images in Fig. 4.39 show that the (MgH2+IOG) mixture 
milled for 8 hours consists of more uniform and smaller particles than the MgH2 milled 
for the same period of time. This may be partly due to that the addition of graphite 
reduces the adhesion and agglomeration of MgH2 particles. These fine particles have 
large surface area per unit volume, which can enhance the hydrogen diffusion and 
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hydride phase formation, and therefore, is of benefit to the sorption kinetics. Bouaricha 
et al. (Bouaricha et al. 2000) have also reported that various C-containing materials 
such as fullerene and graphite can increase the specific surface area of nanocrystalline 
Mg2Ni. However, these carbon additions show no effect on the hydrogen desorption 
kinetics of Mg2Ni. 
Graphite does not seem to react with other elements during dehydrogenation 
and hydrogenation. This has been proved in Fig. 4.38 for the XRD patterns of the 
(MgH2+1OG) mixtures rehydrogenated at 250°C after dehydrogenation, where the 
graphite still remains in the mixture among the Mg/MgH2 particle. Therefore, the 
changes in hydrogen absorption/desorption properties of the mixture should be related 
to the addition of graphite. The observation agrees with the finding in (Bouaricha et al. 
2001; Imamura et al. 2000). 
For the milled (MgH2+G) mixtures with different graphite contents, the 
desorption temperature stays more or less the same, Fig. 4.42. Although further milling 
of the (MgH2+1OG) mixture up to 15 hours leads to about 70°C reduction in the 
desorption temperature, Figs. 4.43 and 4.44, compared with the as-received MgH2. Such 
a reduction is mainly due to the milling effect as a result of reduced particle size. Hence 
it can be firmly stated that the addition of graphite in MgH2 does not influence the 
desorption temperature. Neither does graphite seem to influence the desorption kinetics 
as seen in Fig. 4.46. Graphite in the samples does not interact with or catalyse the MgH2 
particles. 
The existing experimental facility prohibits direct measurements of the 
absorption kinetic curves. In order to clarify whether the graphite influences the 
absorption behaviour of MgH2, the milled (MgH2+G) mixture was first dehydrogenated 
completely then rehydrogenated and finally the "absorption" characteristics of the 
mixtures are inferred from the desorption curves of the rehydrogenated samples. This is 
particularly noted in Fig. 4.48, where the total amount of hydrogen released in the 
samples corresponds to the total amount of hydrogen absorbed during the 
rehydrogenation process. Clearly, there is more hydrogen absorbed in the graphite 
modified mixtures than in the simply milled MgH2. The higher level of hydrogen 
absorbed in the mixture milled for a longer period of time may be due to a more 
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uniform coverage of carbon around even smaller particles, both of which facilitate rapid 
hydrogen uptake in the sample. This point is also clearly illustrated in the relative 
intensities of the diffraction peaks, shown in Fig. 4.38. The MgH2 peaks in the graphite 
modified samples are much higher than those in the pure MgH2. This cannot be solely 
attributed to the milling effect as a result of particle size reduction, because the pure 
MgH2 was milled for 8 hours as well, but did not show much absorbed hydrogen. 
Therefore, the crystalline graphite should play a certain catalytic role in the hydrogen 
absorption of Mg, or dissociation of H2 near the Mg surface. 
Moreover, Fig. 4.38 also indicates that a lower level of MgO exists in the 
mixture prior-milled for a longer period of time (4 and 8 hours), which may also be 
attributed to more uniform distribution of graphite in the powder mixtures; uniformly 
distributed graphite forms an effective physical and/or reducing barrier to oxidation, and 
hence facilitate rapid hydrogenation, as observed in Fig. 4.48. Moreover, the desorption 
temperatures of the rehydrogenated mixtures are similar to those of the previously 
milled samples, Figs. 4.43 and 4.47; a slight shift to a higher temperature in the 
rehydrogenated samples prior-milled for 1 and 4 hours (Fig. 4.47) may be due to a 
relatively high MgO level, see in Fig. 4.38, and/or some level of preferred particle 
growth in these samples, where the graphite is not as uniformly distributed as in the 8h- 
milled sample. 
Attempt to identify whether a firmly compacted powder pellet can store more 
hydrogen than a loosely compacted powder sample was made using the 
(MgH2+10mol%G) mixture, originally milled for 8 hours. A porous structure is 
evidently seen from the SEM images of the pellet specimens before and after 
rehydrogenation, Figs. 4.40 and 4.41, which may be useful in trapping hydrogen inside 
the material. The results indeed confirm a small increase in the hydrogen absorption 
capacity of the pellet by about lwt%, Fig. 4.49, because of the additional powder- 
particle boundaries and/or small pores that can trap hydrogen in the sample. Hence, the 
smaller the particle size, the greater this "compacting" effect is likely to be. Nano-sized 
powder mixtures may gain the maximum benefit from much enhanced powder 
boundaries. 
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As with other alloying additions to improve the sorption temperature and 
kinetics, increasing the level of carbon is likely to reduce the overall hydrogen storage 
capacity, unless the carbon structure happens to absorb/desorb hydrogen readily as well. 
When the "mist" on hydrogen storage of carbon nanostructures is clear, it is possible to 
identify an optimum hydrogen-absorbing carbon nanostructure as an ideal modifier to 
Mg surfaces for the benefit of improving both the sorption properties and the storage 
capacity. 
5.6 Effect of Rare-Earth Elements (Ce and Y) on MgH2 
Many rare-earth metals have been studied as additives to Mg to improve its 
hydrogen storage performance, most of which have a positive effect on the 
hydrogenation behaviour of Mg, especially enhanced activation (Zaluska et al. 1999). 
However, their effects on dehydrogenation of Mg hydride have not been fully 
investigated. Rare-earth metals are strong oxygen getters, which can be used to reduce 
further oxidation of Mg during processing. Hwang et al. (Hwang and Nishimura 2002) 
recently report that Mg can be alloyed with Ag, La and Pd in equiatomic composition, 
MgLa showed the best hydrogen absorption properties among them, whereas MgAg and 
MgPd absorbed practically no hydrogen. Rare-earth metals, Ce and Y, can also be 
alloyed with Mg to form Mgi2Ce and Mg24Y3, respectively, which may be used for 
hydrogen storage (Buschow et al. 1982). Here, both the phase evolution and hydrogen 
desorption properties of the (MgH2+Ce) and (MgH2+Y) mixtures during milling are 
discussed. 
From the phase evolution of both (MgH2+Ce) and (Mgf2+Y) mixtures, Figs. 
4.50 and 4.51, it is noted that cerium oxide was formed at the beginning of the milling 
of the former mixture (after 10 hours milling), while there was little yttrium oxide 
produced in the latter mixture. This is probably due to that Cc is extremely reactive in 
air or moisture, and reacts very rapidly with a small amount of moisture or air to form 
the oxide, or a mixture of the oxide with a small amount of dihydride during powder 
handling (Schlapbach 1992). Comparatively, Y is not as sensitive to air as Ce, and its 
oxide is not extensively formed during handing (prior to milling) - there may be just a 
very thin oxide film that is undetectable by XRD. As the milling time lasted as long as 
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40 hours, there was still no further yttria formation, alternatively only the formation of 
Y hydride. The observation clearly indicates that the protective milling atmosphere is 
very effective, with a very low level of oxygen residues, and also the rapid formation of 
yttrium hydride. Hence, the relative large level of CeO2 noted in the (MgH2+3Ce) 
samples, Fig. 4.50, must be mainly attributed to oxidation during powder handling after 
milling and during the XRD characterisation (even the MgO may be formed during 
these processes). In fact, further oxidation of cerium in the milled mixture is expected, 
since milling creates fresh surfaces of non-oxidised cerium in the mixture. The level of 
the apparent CeO2 measured experimentally (TG/DSC or XRD) should be lower with a 
longer milling time due to the formation of more cerium hydride during milling and less 
elemental Ce in the mixture for further oxidation. This explains the reduced level of 
CeO2 with prolonged milling time, as noted in Fig. 4.50. 
In both mixtures, the rare-earth hydride, CeH2,35 or YH3, was formed and its 
amount increased with milling time. Ce and Y can form very stable hydrides. The 
dihydrides of both metals have a cubic structure, and can accommodate a large amount 
of additional hydrogen in their lattices with the occupancy of octahedral sites when the 
hydrogen content is above the stoichiometric MH2. In cerium, hydrogen can fill all the 
octahedral sites without changing the structure of the metal sublattice, while Y 
accommodates additional hydrogen up to a finite concentration and then transforms to a 
structure in which the metal atoms form a hexagonal lattice (Libowitz 1965). The 
standard formation enthalpy for CeH2 and YH2 is about -204.8 and -183.9 kJ/mol 112, 
respectively; hydrides with a higher hydrogen content than MH2 have a slightly higher 
enthalpy of formation, i. e. a less negative value of4Hj (Libowitz 1965). However, their 
enthalpy values are still more negative than that of MgH2 (-75kJ/mol 112). Therefore the 
hydrides can be formed by reactive hydrogen diffusion from the parent M9112 to Ce or 
Y during milling. 
The formation of cerium hydride was not observed during milling of a Mg!! 2 with 
IOwt% CeO2 under H2 and the oxide remained even at 573K under 11 bar of lie for 74 
hours, as reported by Song et al. (Song et a!. 2002). Hence, CeO2 was not reduced under 
these conditions. This is understandable because the standard formation enthalpy of 
CeO2 is -1088.7kJ/mol (Lide 1995), while that of MgO -601.6 kJ/mol (Cox et a!. 1989) 
and that of CeH2,35 - -204.5kJ/mol. Therefore, the Ce hydride observed in the current 
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(MgH2+Ce) mixture was formed not by the reduction of CeO2 (if any), even after a long 
period of milling, but due to the frequent rubbing and interaction of Mg12 with pure Ce 
during milling, This case is true for the formation of the Y hydride, since the formation 
enthalpy of yttria has also a very negative value, -1678 kJ/mol (Lide 1995). 
The slightly increased intensities of the MgO peaks with milling time in both 
mixtures may be attributed to the oxidation of fresh Mg surfaces, created by milling, 
with a little residual oxygen in the milling atmosphere or during handling of the samples 
in air. Due to the formation of the stable rare-earth hydrides, the desirable function of 
the rare-earth metal as a strong oxygen getter may not be fully realised for the benefit of 
hydrogen storage. 
In summary, the above discussion clarifies the following points, which are also 
illustrated by Fig. 5.1, for the case of mechanical milling of the (MgH2+Ce) mixture: 
a) Apart from reducing particle sizes, milling created fresh surfaces of the rare-earth metals, 
which react readily with MgH2 to form a hydride, YH3 3 or Ce!! 235; 
b) Almost no oxidation occurred during milling due to effective protection by Ar; 
c) Yttrium is less sensitive to oxygen in handling (or milling), but more readily forms hydride 
(YH. ) than cerium; 
d) The relatively large amount of cerium oxide observed (Fig. 4.50) is due to oxidation of 
fresh Ce surfaces during handling before or after milling; and 
e) The amount of the newly formed rare-earth hydride increases with milling time, 
consuming more freshly-created pure rare-earth metal surfaces (particles), and as a 
result, there will be a reduction in the amount of cerium oxide with increasing milling 
time. 
These facts also explain the hydrogen desorption properties of the (Mg12+Ce, 
Y) mixtures, shown in Figs. 4.52-4.54. Firstly, all the mixtures of the milled MgI12 with 
rare-earth metals show a reduction in the hydrogen desorption temperature, compared 
with the as-received MgH2. This is partly due to the milling effect on particle 
refinement, as discussed in Section 5.2. Further comparison of the mixtures, e. g. 
(MgH2+3Ce) in Fig. 4.52 and (MgH2+3Y) in Fig. 4.53, with Mg! i2 milled for the same 
period of time, Fig. 4.5, indicates that a further reduction of about 30°C is obtained in the 
(MgH2+3Ce) mixture due to the addition of cerium, whereas there is no further 
reduction due to the addition of yttrium in this case. The main difference between the 
218 
( 'lhap/c'I' j/ )l. sc'Ns. vioNI 
two types of sample is that there is CeO2 in the (Mgl 12 + ('c) mixture, but 110 oxide in the 
(MgH2+Y) mixture, apart from YHh. 1lence, the CeO2 in the relevant mixtures give rise 
to positive effects on the hydrogen desorption of Mgi I,. The of ect is stronger \v hen the 
CeO2 is at a higher level. This explains the observed desotpiton temperature variation 
shown in Figs. 4.52 and 4.54. 
(a) CeO2 layer (b) CeO2 layer (c) 
Fresh Cc 
a OIPP 
MgH2 Cc Ce hydride 
As-recerved 5 hours milling: breaking 10 hours milling: increasing 
powder mixture up of particles and fresh clean Ce surfaces and 
surfaces created. formation ofCe hydride 
During handing: oxidation 
of fresh CeO, to form CeO2 
(cl) 
Therefore 
CeO2 
(content) 
(d) 
Ce hydride Ianrr 
20 hours milling: increasing 
level of Ce hydride from 
clean ('r: less ('e remaining. 
(dl) 
® 
C<02 
(content) 
Fig. 5. I Schematic of formation process of(e oxide and CC hWridc in the (M4gII. -I. e) mixture 
during milling. 
For the milled (Mgl I, +Ce) mixtures, the freshly-created ('e surlices or particles 
after 10 hours of milling are at the highest level liar the formation of ('rO,, Lille tu 
sufficient breakage of the initially-added large cerium particles, as seen in I ig. 4.5O frOln 
the XRI) analyses; whereas milling fier 20 and 40 hours led to excessive fi0rination of 
the very stable C el I2 53 with a much reduced level 01' Ilrrsh ('r surfaces toi I'0r11m oxides 
during subsequent handling. I lowcvcr, ill l ig. 4.52, Iiºr the MgI I2 nºiIled %%ith ? nioI°o('e. 
the lowest desorption temperature is Obtained in the sample milled 1,01- hours rattier 
than 10 hours. This is due to that the Content of Ce is very small and the relatively high 
content of CeO, in the 10 hours milled sample did not influence hydrogen desorption 
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very much, and the main effect on the desorption is the particle size reduction of MgH2 
by mechanically milling., The samples in Fig. 4.54 are of a higher Ce content, 6mol%, 
and hence there should be more CeO2 particles than in the (Mg12+3Ce). Hence, the 
reduction in the desorption temperature of the (MgH2+6Ce) after 10 hours of milling is 
greater, and similar to that of the (MgH2+3Ce) after 20 hours of milling, i. e. the most 
effective stage by CeO2. Moreover, milling for 20 hours of the (MgH2+6Ce) does not 
result in further reduction in the desorption temperature, simply due to the formation of 
CeH2.53, leading to a reduced level of Ce02, which would have resulted in a rise in 
desorption temperature, but this was off-set by the beneficial effect of a further particle 
size reduction during milling. However, the desorption temperature actually increases 
when milling was prolonged to 40 hours (Fig. 4.52), because of the excessive formation 
of stable Ce hydride, and little further reduction of MgH2 particle size after 20 hours 
milling, as seen in Figs. 4.1 and 4.7 for the particle size analyses of the milled MgH2. 
It is not yet clear what the actual mechanism of the effects of oxides on 
hydrogen sorption is. Oelerich et al. report (Oelerich et al. 2001) that the oxides of 
transition metals, Ti02, V205, Cr203, Mn203, Fe304 and CuO can enhance both the 
absorption and desorption kinetics after milled with MgH2 for 100 hours, while Si02. 
A1203 and Sc203 result in little change in the desorption rate. It is suggested that the 
oxides of transition metals, in which the metal can have different valences, could play a 
catalytic role in the solid-gas-reaction due to the ability of the metal atom to take 
different electronic states. Moreover, Song and Bobet et al. (Song et al. 2002) show 
some positive effects of Cr203, A1203 and CeO2 on hydrogen absorption kinetics, and 
suggested that the improvement may be due to that the added oxides assist the 
refinement of Mg or MgH2, and introduce a very high defect density at the surface of 
the powder particles during milling to enhance the chemisorption of hydrogen. In our 
case of the milled (MgH2+Ce) mixture, the influence is more likely due to pulverisation 
and surface imperfection of CeO2. However, some other factors, e. g. enhanced interface 
area between CeO2 and MgH2, and catalysis, may be involved here as well. 
The stable rare-earth hydride, Cel12,35, attached on the surface of Mg!! 2, inhibited 
the hydrogen desorption from MgH2, which, along with the oxide, resulted in the 
desorption peak of the (MgH2+Ce) mixture milled for 40 hours shifting to a higher 
temperature. There is no further reduction in the desorption temperature for the 
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(MgH2+Y) mixture milled up to 40 hours due to the complete formation of a stable YH3 
after only 10 hours of milling. Therefore, the formation of both stable rare-earth 
hydrides does not benefit the hydrogen desorption of the (MgH2+Ce) and (Mg12+Y) 
mixtures, and in some cases, even passivates the milling effects. However, both Y and 
Ce form binary hydrides with varying stoichiometry, which may extend the hydrogen 
content of the mixtures, or extract hydrogen to the magnesium surface and even act as 
an oxygen getter in the alloyed state with Mg to improve the sorption kinetics of the 
material (Khrussanova et al. 2001). 
The reason for the split peaks observed in the milled (MgH2+Ce) mixtures is 
unclear. It may be because of the non-uniform distribution of CeO2 or CeH2.35 or of the 
particle sizes of the MgH2 powder pulverized during milling, which gives rise to 
different hydrogen desorption properties. 
The slightly faster kinetics at 300 and 350°C for the (MgH2+Ce) mixture milled 
for 20 hours are due to the positive effect of CeO2, compared with that for the pure 
MgH2 milled for 20 hours (Fig. 4.3), and with that for the (MgH2+Y) mixture (Fig. 
4.55); the latter also suffers from surface passivation from the stable rare-earth hydride 
layer. 
The effect of pure Y and Ce on hydrogen desorption properties of MgH2 cannot 
been clearly identified here due to the formation of other phases during milling, and also 
due to the extreme sensitivity of these metals to air when the analyses were carried out, 
e. g. during XRD and TG/DSC measurements. Some elemental Ce or Y may exist in the 
milled mixtures when the hydrogen desorption experiment was carried out, but may be 
of such a small amount that it cannot give rise to any evident effect on hydrogen 
desorption of the mixtures. Better design of the experiments to clarify the effect of pure 
Y and Ce should be further investigated, for example, by alloying a small amount of Y 
or/and Ce into Mg to reduce oxidation of the materials during handling, or by scaling 
the sample mixtures for characterisation with special holders in an inert atmosphere. 
5.7 Hydrogen Storage in Multi-Component Mg Hydrides 
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It has been noted in the past that materials containing two or more phases of 
different hydrogen storage properties may show two or more plateau pressures or 
different kinetics with increased phase boundary diffusion. Such multi-phase materials 
may be of the same system, e. g. (Mg2Ni+Mg) in the Mg-Ni system, or completely 
different systems, e. g. (Mg+FeTi) (Zaluski et al. 1997). Two types of multi-component 
mixtures, (MgH2+Fe+Ce) and (MgH2+A1+Ni+Y+Ce), were examined in this project. 
The (MgH2+Fe+Ce) mixtures 
In addition to the formation of CeH2.53 and CeO2 (their functions have been 
discussed in the previous section), a ternary hydride, Mg2FeH6, was formed in the 
milled (MgH2+Fe+Ce) mixture, Figs. 4.56 and 4.57. This ternary hydride is of a high 
theoretical hydrogen storage capacity of 5.8wt%, low cost and particularly useful for 
thermochemical energy storage due to its high enthalpy of dissociation, 98kJ/mol H2 
(Gennari et al. 2002), and an excellent cyclability at about 500°C(Bogdanovic et al. 
2002). Mg2FeH6 is suitable for high temperature applications and worthy of further 
investigation. Details of such investigation on Mg2FeH6 were described in Section 4.7 
and Section 5.8 (for discussion). 
The mixtures after dehydrogenation show the formation of Mg12Ce and the 
complete decomposition of Mg2FeH6 into Fe and Mg, Fig. 4.58. However, there is no 
ternary hydride formed between MgH2 and Ce during milling. It is suggested that, upon 
hydrogenation, Mg12Ce could decompose and then forms MgH2 and a cerium hydride 
(Boulet and Gerard 1983); Mg and Fe recombine to form the ternary hydride, Mg2Fe116 
(Bogdanovic et at 2002). Therefore, the process is still reversible. As discussed earlier, 
the formation of CeO2 may have a positive effect on hydrogen desorption of the 
mixture. 
It is interesting to see that the DSC traces of the (MgII2+15Ce+5Fe) mixture 
shifted to a high temperature with increasing milling time; the simply mixed sample 
shows the lowest desorption temperature (Fig. 4.60). This is due to a combined 
"negative" effect of. 1) the formation of rather stable hydride phases, CC112.3s and 
Mg2FeH6; 2) the reduction of pure Fe as a catalyst; and 3) an increase in MgO on the 
surface of the powder particles. Hence, prolonged milling is not suggested for this case. 
222 
Chapter 5- Discussion 
Fig. 4.61 shows that the desorption temperature is lower for a higher ratio of 
Fe: MgH2 in the relevant mixtures, or a higher Ce content. When the ratio is similar, so 
is the desorption temperature; such is the case between the (MgH2+15Fe+5Ce) and the 
(MgH2+19Fe) mixtures with a similar Mg: Fe ratio of 5.3, and between the 
(MgH2+15Fe+1Ce) and the (MgH2+15Fe) with that of 5.7. Moreover, Holtz et al. 
(Holtz and Imam 1997) have carried out a quantitative analysis of the catalytic effect of 
Fe with the concentration of 0.1,1,2.5,5 and 10at% by mechanical milling with Mg. 
The results show that the hydrogen desorption rate increases and temperature decreases 
with the concentration of Fe. Therefore, the extra content of Ce (CeO2) shows little 
influence on hydrogen desorption of MgH2. The significant reduction in desorption 
temperature of the (MgH2+15Fe+5Ce) mixture milled for 10 hours is mainly due to the 
catalytic effect of Fe. The small peaks appeared at a higher temperature may be due to 
non-uniform distribution of particle sizes and additives, as discussed earlier in Section 
5.3 about the "twin-peak" phenomenon in Fig. 4.16 for the DSC traces of the MgH2 
milled with Ni, and also possibly the decomposition of Mg2FeH6 and CeH2.33. 
However, compared with the other three mixtures, the (MgH2+15Fe+5Ce) 
mixture milled for 10 hours shows the most rapid desorption kinetics at both 250 and 
270°C, Figs. 4.62 and 4.63, and also slightly faster than that of the (MgH2+19Fe) 
mixture. Hence, the existence of CeO2 in the mixture still positively influences the 
hydrogen desorption of the mixture, which may be due to a synergetic effect with Fe. 
The (MgH2+A1+Ni+Y+Ce) mixtures 
The phase evolution of the (MgH2+A1+Ni+Y+Ce) mixture during milling is 
rather complicated, Fig. 4.64. It involved the phase transformation of YI13 to a more 
stable YH2 and the formation of an AlNi alloy. However, the rare-earth metals are still 
not alloyed with other elements even after 80 hours milling. The broadened X-ray 
diffraction peaks after the prolonged milling imply considerable grain size reduction 
and/or elastic straining in the powder. A fine grain structure is beneficial to hydrogen 
sorption kinetics of the materials. 
The mixture milled for 20 hours shows the best desorption temperature, starting 
at about 220°C, which is by far the lowest desorption temperature obtained in this 
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project (Fig. 4.65a). This result reflects the synergetic catalytic and/or solid-solutioning 
effects of pure Ni, Al, and the rare earths, as well as the beneficial effect of mechanical 
alloying on the reduction of particle and grain sizes. The shift of DSC curves to a high 
temperature with milling time (Figs. 4.65b-d) and the split peaks in Fig. 4.65b may be 
attributed to the increasing content of the AlNi phase, which leads to a reduction of the 
catalytic effect of pure Ni and Al, and also the formation of stable hydrides or MgO in 
the mixtures, obstructing the surface of MgH2. The peak split in Fig. 4.65b is not 
believed to be due to two different phase transformations during dehydrogenation; 
otherwise, it should also have been observed in the DSC traces of the mixtures milled 
for 60 and 80 hours. A "bi-modal" distribution of particle sizes and non-uniform 
distribution of the catalysts may be responsible for the peak split in the DSC curves, and 
the decomposition of yttrium hydride may be involved as well. 
Alloying rare-earth metals into transition metals and/or other host hydrogen 
storage materials has been tested in several systems with some success, such as LaNi5, 
Mg-Ni-RE (RE=Y or Mm) alloys with a relatively high hydrogen storage capacity and 
appropriate hydrogenation kinetics (Spassov et al. 2002), and the synthesis of 
Mg0.9Yo, iNi by MA (Lenain et al. 1999). These systems show very promising properties 
for hydrogen storage. However, for our experiments, in both of the multi-component 
(MgH2+Fe+Ce) and (MgH2+Al+Ni+Y+Ce) mixtures, the rare-earth metals were not 
alloyed with Mg/MgH2 and/or transition metals, but only mixed with other particles, 
functioning as an oxygen getter. The main effect is still catalytic. Therefore, the leading 
hydrogen storage properties of these mixtures are still based on MgH2, instead of a new 
alloy system. It is rather difficult to alloy MgH2 with other element due to its high 
brittleness. Further investigation is required to mill the additive elements with Mg 
instead of MgH2 in order to produce an alloy, or a new Mg-based hydrogen storage 
system. 
In the other study of metastable structures, it has been reported that equilibrium 
plateau pressures for a given alloy can be effectively modified by the formation of a 
metastable phase, for example, an amorphous phase or a nanocrystalline structure (Stuhr 
et al. 1995; Tessier et al. 1996; Zaluski et al. 1993; Zaluski et al. 1997). The amorphous 
structure shows a totally different plateau pressure from the thermodynamically stable 
crystalline materials or no plateau at all although both materials may have identical 
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composition. By changing the relative fraction of the metastable phase in a given Mg- 
based alloy, the plateau pressure may be shifted to a lower or higher level depending on 
the materials, which means that the thermodynamic properties of the material can be 
altered through this phase formation. 
5.8 Direct Synthesis and Characterisation of Mg2Fe(Cu)H6 
The Mg-based hydrides, Mg2NiH4. Mg2CoH5 and Mg2FeH6, are particularly 
desirable for hydrogen storage due to their high storage capacities of 3.7wt% for 
Mg2NiH4,4.7wt% for Mg2CoH5 and 5.8wt% for Mg2FeH6 (Gennari et al. 2002). The 
well-known alloy Mg2Ni is very stable in air and is characterised by a relatively low 
hydrogen desorption temperature of 250°C at lbar, compared to pure magnesium 
(290°C) (Holtz and Imam 1997). Moreover, Orimo et al. (Orimo and Fujii 1998; Orimo 
et al. 1997) report that a novel amorphous MgNi phase synthesized by mechanically 
alloying Mg2Ni and Ni can form the MgNiH2 hydride with a hydrogen storage capacity 
of 2.2wt% and a low dehydrogenation temperature of 100°C. However, the ternary Mg. 
Ni hydride shows much lower capacity than the other two Mg-based transition metal 
hydrides. Studies on Mg2CoH5 and Mg2FeH6 are very limited because the elemental Co 
and Fe are hardly alloyable with Mg to form binary compounds, Mg2Co, Mg2Fe. Bobet 
et al. (Bobet et al. 2000a; Bobet et al. 1999) report the observation of a new product 
after 60 hours of milling of Mg and Co, which was assumed to be Mg2Co, but the yield 
was rather low. Increasing milling time simply leads to amorphization of the `Mg2Co' 
compound. To the best of our knowledge, the existence of the Mg2Fe phase under 
equilibrium conditions has never been reported. Hightower et al. (Hightower et al. 
1997) show that mechanical alloying of Mg and Fe with less than 20at% Mg only forms 
a bcc solid solution of Mg in Fe. For Mg contents from 20-95at%, the alloys are a 
mixture of bcc and hcp phases. 
Our present investigation was designed to study the synthesis and hydrogen 
storage properties of Mg2FeH6, not only because this hydride is of a high hydrogen 
storage capacity and low cost, but also because it is particularly valuable for 
thermochemical energy storage with an excellent cyclability at around 500°C, remained 
reproducible after 550-600 cycles at a level of 5-5.2wt% 112 (Bogdanovic et at 2002). 
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However, it is known that Mg2FeH6 is much more difficult to synthesize than the 
conventional Mg2NiH4. In a previous study, Didisheim et al. (Didisheim et al. 1984) 
show that the ternary metal hydride Mg2FeH6 can be synthesized by sintering the 
cylindrical pellets of magnesium powder and iron powder mixed in an atomic ratio of 
Mg: Fe=2: 1 at around 500°C under 20-120 bar of H2 pressure. It has also been reported 
that the Mg2FeH6 is cubic with a K2PtC16 type structure. More recently, Hout et al. 
(Huot et al. 1997) first obtain a high yield of 65wt% Mg2FeH6 by milling the mixture of 
(2Mg+Fe) in a planetary ball mill for 20 hours under hydrogen atmosphere followed by 
sintering at 623K under 50 bar hydrogen. Thereafter, they have synthesised the hydride 
by directly milling the stoichiometric mixture (2MgH2 + Fe) under an argon atmosphere 
up to 60 hours and achieved a yield of 56wt% Mg2FeH6 (Huot et al. 1998). Gennary et 
al. (Gennari et al. 2002) report that mechanically alloying the (2Mg+Fe) mixture under 
5 bar H2 pressure leads to the formation of Mg2FeH6. However, the yield after 60 hours 
of milling is only 30wt%. Sai Raman et al. (Raman et al. 2002) use an attritor ball mill 
to mechanically alloy a (2Mg+Fe) mixture and obtain 63wt% Mg2FeH6 under a 
hydrogen pressure of -10bar after only 20 hours milling. So far this is the highest 
amount of Mg2FeH6 ever produced by mechanical alloying. 
All of the above have only concentrated on the stoichiometric composition of 
(2MgH2/Mg+Fe), and there exists a considerable amount of un-reacted species, e. g. Mg, 
Fe and /or MgH2 (Huot et al. 1997; Huot et al. 1998), in the final mixtures. Also there is 
no report on the sorption kinetics of the (Mg+Fe+H) ternary system. Here, our study of 
the extended mixtures, shown in Table 4.7, aims to fill the information gap of this 
important system. The possible influences of milling atmosphere, Ar vs. H2, were also 
considered in the investigation. 
The series of XRD patterns clearly identify the evolution of the phases involved, 
Figs. 4.66-4.71, as a function of milling time, speed, and atmosphere for the multi- 
component systems considered here. It is evident that milling at the usual speed of 252 
rpm, Dial No. 6, up to 10 hours did not generate any significant amount of the new 
phase, Mg2FeH6, apart from the broadening of the MgH2 peaks, suggesting refinement 
of particles and/or increased solid-solutioning of Fe, Fig. 4.66. The Mg2Fe116 was 
observed after 20 hours of milling, the amount of which increases with milling time, 
close to 80wt% after 60 hours. However, prolonged milling introduces a small amount 
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of MgO in the milled powder. Increasing the milling speed does not seem to result in 
any significant effect on the milled sample in terms of phase composition and ratio, as 
seen in Fig. 4.67. 
The effect of milling atmosphere on the phase composition is evidently see in 
Fig. 4.68, where it is noted that milling under hydrogen substantially improves the yield 
of the new Mg2FeH6 phase. This is likely because there is more abundant supply of 
hydrogen atoms required to form the new phase under the hydrogen atmosphere than 
under Ar. It is interesting to note that a relatively high level of MgO exists in the milled 
sample under hydrogen, compared with that under Ar. This is possibly due to 
inadequately sealed milling pot or the handling of powder, which introduces air into the 
system, causing oxidation of fresh surfaces of the fine particles. Fig. 4.69 compares 
further the effect of atmosphere, where the XRD pattern of the 60-hour milled 
(3MgH2+Fe) sample under argon is shown along with those of the (4MgH2+Fe) under 
argon and hydrogen. The patterns of the main phase, Mg2FeH6, are similar in all the 
three cases after such a long period of milling. The differences seem to be the existence 
of other species, e. g MgO and residual Fe, Mg, and MgH2. For the (3MgH2+Fe) 
mixture, the intensities of the Fe peaks are higher than those in the (4MgH2 + Fe) 
mixtures milled either under argon or under hydrogen, indicating that more un-reacted 
elemental Fe was left in the (3MgH2+Fe) mixture. It also shows that the MgH2 peaks 
are almost invisible in the 60-hour milled (3MgH2+Fe), while in the mixture of 
(4MgH2+Fe), there is more abundance of un-reacted MgH2, because the stoichiometric 
reaction only consumes 3MgH2 with each Fe as shown below: 
3MgH2 + Fe --º Mg2FeH6 + Mg (1) 
Hence, the optimum mixture seems to lie between (3MgHi2+Fe) and (4MgH2+Fe) in 
order to maximize the formation of Mg2FeH6 without residuals of either Fe or Mg! 12. 
In addition, during milling of the mixtures either in argon or in hydrogen, a 
MgO phase was formed due to the high reactivity of magnesium with residual oxygen. 
At such a long period of milling, the beneficial effect of hydrogen on the rapid yield of 
Mg2FeH6 was off-set by the eventual "catching-up" of the milling cases under argon. 
The formation of a larger amount of MgO, as seen in Fig. 4.69 (c) is probably because 
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very fine particles with a high density of fresh surface area react more readily with 
oxygen. 
The phase evolution of the (3MgH2+0.5Fe+0.5Cu) powder mixture is shown by 
the XRD patterns in Fig. 4.70. The pattern for 2 hours milling was more or less the 
composite pattern of all the parent phases. Peak broadening is noted after 10 hours 
milling. After 20 hours of milling, a new phase of MgCu2 was produced simultaneously 
with the formation of Mg2FeH6 and the disappearance of elemental Cu. This indicates 
that Cu has largely reacted with Mg either from the starting MgH2 (5% Mg) or produced 
from the formation of Mg2FeH6. The diffraction pattern of the sample milled for 40 
hours shows an increased level of Mg2FeH6 and the presence of Fe, MgCu2, MgH2, and 
MgO. Further milling up to 60 hours didn't show much change, compared with the 
sample milled for 40 hours. 
The dehydrided powder of the (3MgH2+0.5Fe+0.5Cu) mixture originally milled 
for 40 hours and heated from room temperature to 500°C was also tested by XRD and 
the pattern is shown in Fig. 4.71. After dehydrogenation, all the MgCu2 transformed to 
Mg2Cu. Mg2FeH6 completely decomposed into Mg and Fe. No free Cu was detected. 
The formation of Mg2FeH6 is expected upon re-hydrogenation of the powder sample, as 
reported in the past (Bogdanovic et al. 2002; Gennari et al. 2002). 
Quantitative Rietveld analysis of phase composition and phase abundance of 
the milled mixtures show that the amount of Mg2FeH6 yielded from the milled samples 
are 79,71,62 and 40wt%, for (3MgH2+Fe) milled under Ar, (4MgH2+Fe) milled under 
Ar, (4MgH2+Fe) milled under H2, and (3MgH2+0.5Fe+0.5Cu) milled under Ar, 
respectively (Table 4.8). The lowest yield was obtained when Cu was added to the 
(MgH2+Fe) mixture, mainly due to the formation of the MgCu2 phase and the possible 
reaction that occurred during milling as follows: 
3MgH2 +0.5 Cu +0.5 Fe -º 0.5Mg2FeH6 + 0.25MgCu2 +1.5Mg H2 + 0.25Mg (2) 
Microstructural characterisation also confirms that milling under a hydrogen 
atmosphere considerably refines the particle size, as noted in Fig. 4.72. Hydrogen can 
readily be absorbed onto fresh surfaces to avoid tight particle sticking, and by "alloyed" 
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into the powder particles, further embrittles the otherwise hydrogen-deficient hydrides. 
Both assist particle refinement. 
Fig. 4.73 compares the DSC traces of the (3MgH2+Fe), (4MgH2+Fe) and 
(3MgH2+0.5Fe+0.5Cu) mixtures milled for 60 hours, which is longer than the usual 20- 
hour period for grain refinement, but is necessary to achieve the maximum amount of 
Mg2FeH6. The endothermic peaks at about 350°C-360°C in Fig. 4.73 should be mainly 
associated with the desorption of Mg2FeH6, as the remaining MgH2 is only about 0- 
8wt%. However, the onset desorption temperatures of the (3MgH2+Fe) milled under 
argon, the (4MgH2+Fe) milled under argon and under hydrogen are 280°C, 290°C and 
305°C, respectively. These are in fact very close to each other, reflecting the 
decomposition temperature of the finely grained Mg2FeH6. The slight increases in the 
desorption temperature seem to be associated with the increase level of MgO in the 
respective systems, which is: 16.44,19.35 and 32.93 wt% for the (3MgH2+Fe) milled 
under argon, the (4MgH2+Fe) milled under argon and under hydrogen, respectively. 
Part of the MgO may cover the powder surfaces of the Mg2FeH6, slightly inhibiting the 
decomposition. It is also noted that the onset desorption temperature of the milled 
mixtures are much lower than that of the as-received MgH2 (- 420°C); the difference is 
up to 140°C, which is a very great reduction in the desportion temperature. 
For the (3MgH2+0.5Fe+0.5Cu) mixture milled for 60 hours, the endothermic 
peak is at about 350°C, similar to that of the (3MgH2 + Fe) milled under argon for 60 
hours. Therefore, it is also associated with the decomposition of Mg2FeH6. The on-set 
desorption temperature seems to start around 270°C, but the DSC curve is very shallow 
until about 330°C. Hence, the addition of Cu does not seem to influence the desorption 
temperature of the final milled (3MgH2 +0.5Fe+0.5Cu) mixture with the existence of 
Mg2FeH6. MgH2 and MgCu2. The small peak at 480°C is likely due to the phase 
transformation of MgCu2 to Mg2Cu during dehydrogenation of the mixture. 
It is also noted that the milled (Mg+Fe) mixtures show slightly lower desorption 
temperature than those of the pure MgH2 milled for 20 and 60 hours, Fig. 4.73 and 
Fig. 4.5. Hence, the reduction in the decomposition temperature of the milled (Mg+Fe) 
mixtures may be largely attributed to the modifications of the reduced particle size, 
increased surface area or irregular surface morphology, all of which can be attributed to 
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the effects of high energy mechanical milling. On the other hand, residual Fe in the 
mixture may also catalyse hydrogen desorption and leads to further reduction in the 
desorption temperature of the (Mg+Fe) mixtures. 
The effect of the milling conditions on hydrogen desorption at 320°C are shown 
in Fig. 4.74 for the mixtures milled for 60 hours. The measurements were carried out 
under a small hydrogen partial pressure of 0. lbar. From the slopes of the mass loss 
curves, it is noted that: the (3MgH2+Fe) mixture milled under argon exhibits the most 
rapid desorption kinetics, desorbing hydrogen completely (3.5wt%) within 1000s at 
320°C; whereas it took 2000s for the (4MgH2+Fe) mixtures milled under Ar or H2 to 
decompose effectively, with mass loss of only about 3.0 wt% and 2.2 wt%, respectively. 
This is in agreement with the DSC measurement, and may account for the presence of 
more Fe element and less MgO in the (3MgH2+Fe) mixture; the catalytic effect of Fe on 
the hydrogen desorption of MgH2 has been reported by Liang and Hout et al. (Liang et 
al. 1999). Moreover, both the (4MgH2+Fe) mixture milled under 112 and the 
(3MgH2+0.5Fe+0.5Cu) mixture milled under Ar showed the slowest hydrogen 
desorption kinetics at 320°C; both mixtures contain a large amount of MgO, more than 
30wt%, on the surface of the particles, which hinders hydrogen desorption. The TG 
curve of the (3MgH2+0.5Fe+0.5Cu) exhibits a hydrogen release of about 2.25wt% at 
320°C in both cases. Therefore, the substitution of 12.5mol% Fe by 12.5mol% Cu does 
not give rise to any improvement of the dehydrogenation properties. 
At a higher temperature, 350°C, all the samples seem to exhibit very fast 
kinetics, as seen in Fig. 4.75. The hydrogen release is complete only after 500-1000s 
with the total mass loss of about 3.6-3.8wt%, which are close to the maximum hydrogen 
desorption capacities of the milled mixtures. The slight mass loss in the very early 
stage, accounted for by the first plateau in Figs 4.74 and 4.75, is likely due to the 
evaporation of moisture from the mixtures. 
To sum up, this section has clearly demonstrated that Mg2FeII6 can be 
mechanically synthesised up to 79 wt% using a (3MgH2+Fe) mixture milled under Ar. 
Clearly the desorption temperature of the new hydride is too high for mobile 
applications, but it has always been regarded as an excellent candidate for heat-storage, 
due to it's large formation energy, as discussed earlier. 
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CHAPTER 6: CONCLUSIONS 
A systematic investigation of the structural stability, evolution and hydrogen- 
storage properties of Mg-based materials has been successfully performed using a range 
of mechanical milling conditions and chemical additions. The effects of milling on 
particle size, lattice parameter, microstructure, phase composition and hydrogen 
desorption of the powder mixtures are characterised using SEM, X-Ray diffraction and 
quantitative Rietveld analyses. The influences of selected chemical elements on 
hydrogen desorption of various milled mixtures, including transition metals, carbon, and 
a small amount of rare-earth metals, have been clearly identified using simultaneously 
coupled Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC). The 
findings are very helpful in the development of new and cost-effective Mg-based 
hydrogen storage materials with a high-hydrogen capacity, low desorption temperature 
and rapid kinetics for hydrogen storage applications. With due consideration of the 
findings, the following specific conclusions may be drawn from the investigation. 
1) Mechanical milling has been shown to be an effective method of refining the 
particle size of Mg- or MgH2- based powder mixtures, particularly when Mg112 
is involved. The hard and brittle hydride particles, here about SO µm in diameter, 
largely enhance the powder fracturing and breaking, leading to nano-sized 
particles even after 20 hours of milling at 252 rpm in a Planetary Ball Mill. 
2) The as-received MgH2 shows an onset desorption temperature of 420°C. 
Mechanical milling only after 20 hours reduces the onset temperature by about 
90K, to 330°C. Further milling up to 60 hours does not lead to any further 
reduction in the desorption temperature. The mechanism of this reduction is 
mainly due to enhanced surface activation and interface diffusion of hydrogen in 
the much refined powder mixtures. The powder refinement seems to reach a 
maximum after 20 hours of milling and no further size reduction was observed 
even after 60 hours of milling. 
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3) Mechanical milling of MgH2 with or without an added alloying element leads to 
the formation of a high-pressure y-MgH2, of about 5-9 wt%, due to the high- 
energy impact of the milling media. This new phase may facilitate overall 
desorption via. enhanced phase boundary activation and diffusion of hydrogen. 
4) SEM micrographs reveal that particle sizes of MgH2-based mixtures are prone to 
"bi-modal" distribution after 20 hours of milling. This phenomenon is believed 
to be responsible, at least in part, to frequently observed "twin-peaks" (or 
double-peaks) in the endothermic DSC curve of the hydride mixtures: hydrides 
of a relatively small size decompose readily at a relatively low temperature, 
giving rise to one "peak", and those of relatively large sizes dissociate at a 
comparatively high temperature, leading to another "peak". The two peaks are 
more pronounced when catalytic Ni particles are not uniformly distributed in the 
powder mixture, with relatively poor coverage of the large particles. 
5) Mechanical alloying of magnesium with an additional chemical element, M 
(=Al, Ni, Ti, Fe, Cu and Nb) leads to a certain level of enhanced solid 
solutioning of M into Mg, as confirmed by XRD and Rietveld analysis. The 
formation of new phases, such as Mg2Ni and Mg2Cu compounds, Mg12AI17 and 
a (Nb, Mg) bcc solid solution, have also been identified for the specific systems 
involved. The formation of such multi-phase composite materials is expected to 
improve the kinetics, e. g. by enhanced inter-phase boundary diffusion. 
6) For the hydride mixtures, (MgH2+8mol%M), mechanical alloying leads to the 
formation of new phases: Mg2NiH4, TiH2, MgCu2 and a (Nb, Mg)lix bcc solid 
solution, respectively in (MgH2+Ni), (MgH2+Ti), (MgH2+Cu) and (MgHi2+Nb). 
Elemental Al, Fe, Ni or Cu existed in the relevant mixture even after 20 hours of 
milling. The observed volume contraction of MgH2, although small, was due to 
the formation of a (Mg, M)Hx (,, <2) solid solution, which may assist the reduction 
of the dissociation temperature of the hydride. 
7) Dehydrogenation at 300°C clearly shows the beneficial effect of the alloying 
elements on enhanced kinetics and level of hydrogen desorption. The degree of 
such effect decreases from Ni, Al, Fe, Nb, Ti, to Cu. 
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8) Further comparison of desorption characteristics of Mg112 mixed and 
mechanically alloyed with 8mol%Ni, respectively, clearly shows that the 
effective reduction of the desorption temperature of MgH2 by Ni, to as low as 
250°C, is mainly a catalytic effect, rather than solid-solutioning; whereas the 
latter does improve the kinetics of desorption, leading to a much higher level of 
desorbed hydrogen at a given temperature and/or a given time. 
9) For the mechanically alloyed (Mg+10wt%Nb) and (MgH2+10wt%Nb) mixtures, 
the XRD diffraction analysis reveals the formation of a bcc-type structure, 
accompanied by the gradual reduction of the elemental Nb, in each case. For the 
(Mg+Nb) mixture, the newly formed bcc phase can certainly be attributed to a 
(Mg, Nb) solid-solution. However, in the (MgH2+Nb) mixture, it cannot be 
identified unambiguously whether the new bcc phase is a (Nb, Mg) solid 
solution, since the as-received MgH2 powder contains 5wt% of elemental Mg, or 
a Nb hydride NbHX (x<1.0), or even a (Nb, Mg)H., since the lattice parameter is 
found to be similar to that of the bcc-(Nb, Mg) solid solution formed in the 
(Mg+Nb) mixture. Whereas in the case of the (MgH2+IOAI) mixture, the 
formation of an (Al, Mg) fcc solid solution is noted. Rietveld analysis indicates 
that the amount of the bcc phase or the (Al, Mg) solid solution increases with 
milling time in detriment of Nb and Al. 
10) Mechanically milled (MgH2+10A1, Nb) powder mixtures show improved 
kinetics, compared to the single phase MgH2 milled under identical conditions. 
Dehydrogenation at 300°C of the samples milled for 20 hours show that the 
(MgH2+1OAI) mixture releases 5.4wt% hydrogen and the (Mg1i2+IONb) 
mixture 3.9 wt%, whereas only 1.4wt% hydrogen was released from the milled 
MgH2 powder and 0.5wt% from the as-received MgH2 powder. The beneficial 
effects of the two alloying elements and mechanical alloying on hydrogen 
desorption have been clearly demonstrated. 
11) The possible effects of crystalline graphite on the hydrogen desorption and 
absorption characteristics of MgH2 have been reported. Although posing little 
influence on desorption temperature and kinetics of MgI12i graphite does benefit 
the absorption behaviour of Mg! i2 due to the interaction between crystalline 
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graphite and MgH2/Mg and inhibition of surface oxidation of Mg. After 
dehydrogenation, 5wt% of hydrogen was re-absorbed within 30min at 250°C for 
the (MgH2+1OG) mixture prior-milled for 8 hours, while only 0.8wt% for the 
pure MgH2 milled for 8 hours. 
12) By comparison of the DSC and TG curves of the loose powder and the pellet of 
the milled (MgH2+1OG) mixture after rehydrogenation. It has been confirmed 
that the additional powder-particle boundaries and/or small pores in a firmly 
compacted pellet of the milled (MgH2+1OG) mixture can facilitate the material 
to store more hydrogen. A small increase in the absorption capacity of the pellet 
sample by about lwt% was obtained, compared to the corresponding loose 
powder sample. 
13) The effect of rare-earth metals, Ce and Y, on hydrogen desorption properties of 
MgH2 has been demonstrated. XRD analysis shows the formation of stable 
hydride phases, CeH2.35 and YH3, in the relevant mixture during milling. These 
stable hydrides are not beneficial to hydrogen desorption of the mixtures, or 
even overshadowing the milling effect. However, CeO2.35 in the (MgH2+Ce) 
mixture provides a beneficial effect on hydrogen desorption of M9112. The 
milled (MgH2+Ce) mixture shows faster kinetics than the milled (Mg12+Y) 
mixture, and a further reduction in the desorption temperature by about 30°C, 
compared to the pure MgH2 counterpart. 
14) In the investigation of multi-component Mg hydrides, the mixtures of 
(MgH2+15Fe+5Ce) milled for 10 hours and the (MgH2+Al+Ni+Y+Ce) milled 
for 20 hours exhibit relatively fast desorption kinetics and the lowest desorption 
temperature at about 240 and 220°C, respectively, among all the compositions 
investigated so far. Milling the mixtures for a longer period of time leads to a 
shift of hydrogen desorption to a high temperature, due to the formation of a 
ternary hydride of Mg2FeH6 in the (MgH2+Fe+Ce), and an AN alloy and a Y112 
in the (MgH2+Al+Ni+Y+Ce), and therefore, a loss of catalytic effect of Fe, Ni 
and Al. Hence prolonged milling is not recommended for such systems. 
15) The rare-earth metals were not alloyed with Mg/Mgii2 and/or transition metals, 
which mainly function as an oxygen getter or possibly form new Mg-based 
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hydrogen storage phases. Milling Mg, instead of MgH2, with other additive 
elements may benefit solid-solutioning of the additives in Mg, forming a new 
Mg-based hydrogen storage alloy with promising storage properties. Further 
investigation need to be carried out. 
16) Mg2FeH6 hydride has been successfully synthesised by mechanically milling 
MgH2 and Fe, with a very high yield of about 80wt% from the (3MgH2+Fe) 
mixture and 71wt% from the (4MgH2+Fe) mixture milled under argon. SEM 
images show much smaller particle sizes in the hydrogen-assisted milled 
mixture, which facilitates the formation rate of Mg2FeH6 during milling. The 
mixtures after 60 hours of milling show much lower decomposition 
temperatures, starting at about 300°C, than that of the as-received MgH2 
(420°C). From the TG analysis, the (3MgH2+Fe) mixture exhibits relatively fast 
kinetics due to a high Fe content. For the (3MgH2+0.5Fe+0.5Cu) mixture, the 
substitution of 12.5mol%Fe by 12.5mol%Cu leads to the formation of MgCu2, 
which reduces the final yield of Mg2FeH6 phase to 40 wt%, and also does not 
enhance the hydrogen storage properties of the mixture. 
As a summary, the main phases and hydrogen desorption properties of the materials 
synthesised by mechanically milling and studied in this thesis are listed in the 
following, Table 6.1. 
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Table 6.1 List of main phases and hydrogen desorption properties of the materials studied in the 
thesis. 
MATERIALS MAIN PHASES H2 ONSET KINETICS 
(mole %, milled AFTER MILLING DESORPTION 
under argon) TEMPERATURE 
As-received MgH2 MgH2 + small amount 420°C Very slow at both 
of Mg 300°C and 3S0°C 
MgH2 milled for MgH2 + small amount of 330°C Slow at 300°C and 
20h Mg0 fast at 350°C 
(MgH2+8Al) milled MgH2 +Al - Very fast at 300°C 
for 20h 
(MgH2+8Ti) milled MgH2 + TiH2 - Fast at 300°C 
for 20h 
(MgH2+8Fe) MgH2 + Fe - Very fast at 300°C 
milled for 20h 
(MgH2+8Ni) milled MgH2 + Ni +Mg2NiH4 250°C Very fast at 300°C 
for 20h 
MgH2 milled for MgH2+Ni 250°C Very fast at 300°C 
20h, then mixed 
with Ni for 1h 
(MgH2+8Cu) MgH2+Cu+MgCu2 - Slow at 300°C 
milled for 20h 
(MgH2+8Nb) MgH2+(Nb, Mg),.,. H. or - Fast at 300°C 
milled for 20h (Nb, Mg),.,. or NbH0.83, 
not defined 
(MgH2+3Ce) MgH2 +CeH2 53 +Ce02 300°C Very slow at 
milled for 20h and 300°C, fast at 
40h 350°C 
(MgH2+3Y) milled MgH2 +YH3 340°C Very slow at both 
for 20h and 40h 300°C and 350°C 
(MgH2+15Fe+5Ce) MgH2+Fe+CeO2 240°C Fast at 250°C, 
milled for 10h very fast at 270°C 
(MgH2+l5Fe+5Ce) MgH2 300°C 
milled for 40h +CeH2.35+M 2FeH6+Fe 
(MgH2+IOAl+9Ni MgH2+Ni+Al+YH3 220°C - 
+5Y+lCe) milled 
for 20h 
(MgH2+1OAI+9Ni+ MgH2+YH2+AINi+MgO 350°C 
5Y+1Ce) milled for 
60 and 80h 
(MgH2+25Fe) 79wt%Mg2FeH6+Fe 280°C Very fast at both 
milled for 60h +MgO 320°C and 350°C 
(MgH2+2OFe) 71wt%Mg2FeH6+Fe 290°C Fast at 320°C, 
milled for 60h +MgH2+MgO very fast at 350°C 
(MgH2+12.5Fe+12. 40wt%Mg2FeH6+MgH2 280°C Fast at 320°C 
5Cu) milled for 60h +M Cue+M O 
(MgH2+8Graphite) MgH2 + Graphite 400°C 
milled for 8h 
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CHAPTER 7: FUTURE WORK 
From the present findings, a number of issues warrant further investigation, 
which range from theoretical analysis of specific storage properties to experimental 
development of more desirable Mg-based hydrogen storage materials and/or structures. 
These are outline as follows: 
(1) To clarify further the solid solutioning effects of some selected metal additives on 
the thermodynamics and kinetics of MgH2 by directly testing the properties of the solid- 
solution phases or by milling Mg, instead of MgH2, with additive elements to increase 
solid-solutioning of the additives in Mg. The combined effects, mechanical milling and 
catalysis, on the (MgH2+M) mixtures have been clarified from the experiments. 
However, during milling, the solid-solution phase between Mg and additives are also 
formed. The increased solid solubility of an additive metal in Mg should change the 
bonding energy between Mg and H to influence the hydrogen activity in the bulk phase, 
possibly forming a new Mg-based hydrogen storage alloy with promising storage 
properties. 
(2) To identify an effective surface modification method of further reducing the 
desorption temperature and improving the kinetics of MgH2. A special F-treatment of 
MgH2 powder will be used to remove the thin oxide layer on the surface of MgH2 and 
also increase the surface area by the development of surface defects. A novel method of 
coating an effective catalyst (e. g. Ni) on the surface of Mg or MgH2 powder by 
eletroless deposition will be investigated in the future. Moreover, the effects of 
combining the two methods on hydrogen absorption/desorption of Mg should be further 
carried out. 
(3) To synthesise amorphous Mg or Mg-based amorphous alloys to lower the desorption 
temperature and/or increase the storage capacity. Amorphous phase materials show 
distorted interstitial site, changed plateau pressure, and sometimes no plateau at all. The 
amorphous MgAI and MgNi alloys have demonstrated a relatively high plateau pressure 
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and low desorption temperature, compared to pure Mg. Moreover, a small amount of 
substitution of Mg and/or Al and Ni by another element, for example Y, Ce or another 
transition metal, could be used to stabilise the amorphous phase and/or increase the 
hydrogen storage capacity. 
(4) To process meso-porous Mg foams or Mg-based nano-composites with other 
hydrogen storage materials, such as carbon structures or alanates, of complementary 
characteristics. 
(5) The cyclability (stable storage capacity and microstructure upon cycling) of a 
hydrogen storage material is a very important property for reversibly storing hydrogen 
in practical applications. The test of the cyclability of a prepared material should be 
carried out in future investigations. 
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